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1.  Introduction 


This  is  a  comprehensive  final  technical  report  for  the  Air  Force  Office  of  Scientific  Research  (AFOSR) 
research  grant  No.  AFOSR-83-0375,  entitled  Microdesigning  of  Lightweight/ High  Strength  Ceramic 
Materials.  This  report  summarizes  research  accomplishments  during  the  period  I  October  19&5  to  30  June 
1987  (including  the  no-cost  extension  period  from  1  December  1986  to  30  June  1987).  The  overall 
objective  of  the  program  has  been  concerned  primarily  with  the  processing  and  characterization  of  low 
density  ( <  3.0  g/cc^and  high  strength  ( >  800  MPa^ccramic  matrix  composites  for  structural  applications. 
In  otder'ftrschieve  this  goal,  three  main  task  areas  have  been  emphasized:  (i)  fundamental  studies  in 
processing,  (ii)  processing  of  ceramic/metal  composites,  and  (iii)  theoretical  studies. 

The  work  in  the  first  task  area  consisted  of  experimental  studies  on  phase  transitions  in  colloidal 
systems  and  microstructure/nanostructurc  evolution  during  sinterings  Our  major  accomplishments  are 
described  in  Section  2  of  this  report .'^Thcse  studies  dealt  with  the  dispersion,  consolidation,  and  sintering 
of  ceramic  powders  and  ceramic4orming  gels,  in  an  effort  to  provide  a  fundamental  understanding  of  key 
processing  parameters  that  affect  the  microstructure  of  the  material.  The  key  contribution  of  these  studies 
has  been  the  recognition  of  the  fact  that  colloidally  consolidated  particle  compacts  display  hierarchical 
clustering  due  to  multiple -"site  nuclcation  and  growth  of  particle  clusters.  Consequently,  such  hierarchically 
clustered  structures  display  a  multimodal  void  size  distribution  s.  Such  inhomogeneities  introduced  during 
the  pre-sintering  stag;:  generally  remain  in  the  finished  product  as  defects,  thus  compromising  the  product's 
mechanical  properties.  Our  success  in  the  processing  of  these  high  performance  materials  derives  from  our 
fundamental  understanding  of  the  colloidal  dispersion  and  consolidation  techniques  required  for  developing 
tailored  microstructures. 

Vhe  work  in  the  second  task  area  saw  development  of  techniques  for  processing  a  new  class  of 
paiticulaterljased  and  low  density  (2.6  g/cc),y*ramic-metal  composites  composed  of  boron  carbide-aluminum 
and  aluminum  diboride-aluminum  composite  materials.  These  materials  exhibited  high  fracture  toughness 
(14.4  MPa.m,/5)I-high  fracture  strength  (645  MPa)rand  high  hardnesx^2400  Kll  (1000  g)).  The  primary 
focus  of  this  study  was  the  processing,  mechanical  testing,  and  microstruCWjral  analysis  and  characterization 
of  these  composite  materials.  Results  are  described  in  Section  3  of  this  report.  These  results  can  provide 
fundamental  information  regarding  the  interrelationship  between  mechanical  properties  and  microstructural 
and  compositional  variations.  This  information  should  allow  better  identification  of  the  key  processing 
parameters  that  control  the  macroscopic  properties  of  boron  carbide-aluminum  ceramic/mctal  composites. 

Work  in  the  third  task  area  consisted  of  developing  theoretical  models  in  parallel  with  the  experimental 
studies.  The  goal  of  the  theoretical  studies  was  to  help  understand  colloidal  systems  (in  the  suspension 
state  as  well  as  in  the  consolidated  stale)  from  a  more  fundamental  basis.  Results  arc  described  in  Section 


4.  Models  of  particle-particle  interaction,  particle-polymer  interaction,  and  colloidal  suspension  stability 
were  developed,  based  upon  statistical  mechanical  and  intcrparticlc  potential  analysis  techniques.  Significant 
achievements  include  developing  a  genera!  equilibrium  phase  diagram  for  monodisperse  and  bimodal 
particle  systems  and  characterizing  the  uniformity  of  colloidal  sediments.  Initial  models  were  modified  to 
include  electrosterically  stabilized  systems,  non-equilibrium  systems,  and  interfacial  as  well  as  bulk  properties. 


2.  Fundamental  Studies  in  Processing 


The  overall  objective  of  this  portion  of  the  research  program  was  to  establish  the  guidelines  for 
processing  and  microdesigning  low  density  and  high  strength  ceramic  materials  for  structural  applications. 
In  particular,  the  work  sought  to  develop  a  fundamental  understanding  of  the  important  parameters 
involved  in  the  dispersion,  consolidation,  and  sintering  of  particles  in  the  size  range  of  10'9  to  10’3  m. 
These  particles  may  be  spheroidal,  plate-like,  or  rod-like,  and  may  form  a  highly  dispersed  or  an 
agglomerated  suspension.  Surfactants  or  polymers  may  be  added  to  a  suspension  to  improve  the  consol¬ 
idation  step,  resulting  in  the  tailored  packing  of  the  particles  in  the  green  microstructurc.  Densification 
may  take  place  with  the  addition  of  heat  and/or  pressure.  This  program  studied  each  of  these  areas  in 
detail,  in  order  to  improve  upon  current  processing  methodology  in  designing  and  producing  desired 
microstructural  features. 

In  order  to  achie.e  this  goal,  five  main  task  areas  were  emphasized:  (i)  novel  powder  synthesis 
techniques,  (ii)  fundamental  studies  in  the  dispersion  and  rheology  of  colloids,  (iii)  colloidal  consolidation 
and  characterization  of  the  resulting  microstructure,  (iv)  sintering  and  microstructurc/nanostructure  evolu¬ 
tion,  and  (v)  post-sintering  properties  characterization. 


2.1  Novel  Powder  Synthesis  Techniques 


In  an  attempt  to  improve  the  purity  of  ceramic  powders  and  to  successfully  achieve  mixing  of 
pre-ceramic  components  on  a  molecular  scale,  experimental  work  has  been  performed  on  the  synthesis  of 
ceramic  precursor  materials.  The  precursors,  prepared  by  T.  Yogo  in  our  laboratory,  include  oxy-alkoxides 
for  the  production  of  mullite  and  B4C  powders.  Extremely  fine  powders  can  be  produced  by  using 
techniques  of  polymeric  condensation  with  the  monomers  synthesized  in  our  laboratory.  Alternatively, 
these  pre-ceramic  polymers  (or  copolymers)  could  be  used  directly  in  shape-forming  processes,  with 
conversion  to  ceramic  taking  place  subsequently.  T.  Yogo  has  successfully  synthesized  the  monomeric 
units  for  the  B4C  precursors.  Ongoing  studies  of  the  polymerization  of  toe  B4C  precursor,  as  well  as 
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commercially  available  aluminum-  and  silicon-containing  oxy-aikoxidcs  indicate  that  polymerization  is 
possible.  Preliminary  evidence  shows  that  some  ceramic  material  is  produced  upon  dcnsification. 

2.2  Dispersion,  Stability,  and  Rheology 

The  powder  dispersion,  consolidation,  and  sintering  scheme  for  forming  ceramic  bodies  from  colloidal 
powders  is  shown  in  Figure  1 .  The  interest  in  such  a  process  is  due  mainly  to  the  realization  that  unwanted 
inhomogeneities  introduced  into  a  powder  compact  during  the  prcsintcring  stages  generally  remain  in  the 
finished  product  as  defects.  A  significant  difficulty  which  arises  in  employing  colloidal  particles  is  their 
tendency  to  agglomerate  due  to  interparticle  (particularly  van  der  Waals)  attractive  forces.  Such  clustering 
leads  to  undesirable  micro-  and  nano-structures  and  to  highly  viscous  suspensions.  The  following  paragraphs 
describe  the  fundamental  experimental  work  performed  on  the  dispersion  and  stability  of  submicron  ceramic 
particles  in  suspension.  Such  information  can  be  used  to  improve  techniques  for  obtaining  higher  packing 
densities  and  microstructural  uniformity,  and  for  fabricating  complex  geometries  not  otherwise  obtainable 
by  alternative  processing  methods. 

A  study  of  interparticle  interaction  and  clustering  dynamics  of  attractive  particles  was  conducted  on 
an  aqueous  suspension  of  monosized,  nanosized  particles  with  a  well-charactcrized  surface  chemistry.  Gold 
particles  with  a  diameter  of  150  A  were  used  as  a  model  system  in  order  to  study  collision  and  aggregation 
rates  in  cluster  formation.  Specifically,  the  effects  of  crystallographic  orientation  and  surface  characteristics 
on  the  formation  of  particle  clusters  were  investigated.  Hierarchically  clustered  structures  displaying  a 
multimodal  void  size  distribution  were  produced. 

The  adsorption  of  surfactants  and  polymers  on  the  surface  of  dispersed  colloidal  particles  and  the 
stability  of  colloidal  suspensions  was  investigated  more  fully  (see  Appendices  1  -  V).  The  model  systems 
of  polymethacrylic  acid  (PMAA)  and  polyacrylic  acid  (PAA)  adsorbed  on  n-Al203  were  chosen.  The 
adsorption  behavior  of  polyelectrolyte  on  the  particle  surface  and  on  the  transition  boundary  between 
stable  and  flocculated  suspensions  were  determined  for  a  variety  of  concentrations  and  molecular  weights 
of  polyelectrolyte  added  to  the  suspension.  A  stability  map  was  created,  which  can  be  a  useful  processing 
tool  for  tailor-making  suspensions  by  varying  the  polyclectrolyle  concentration  and  the  solution  pH  to 
obtain  the  desired  properties. 

Suspension  rheology  is  intimately  connected  with  dispersion  and  suspension  stability.  Particle-particle 
interaction  energies  affect  viscosity  primarily  by  altering  aggregation  behavior  and  hence  suspension  struc¬ 
ture.  Important  results  (see  Appendices  III  and  IV)  indicate  that  it  is  possible  to  prepare  70  v/o  aqueous 
suspensions  of  a-AljOj  with  sufficient  fluidity  for  ceramic  processing  by  clcctrostcric  stabilization  of  the 
colloidal  suspension. 


PROCESSING  BY  POWDER  CONSOLIDATION 


Fig.  1:  Various  piocessing  paths  followed  in  powder  consolidation.  Suspension  route  is 
used  to  eliminate  unwanted  particle  clusters  (agglomerates).  Gelation  route  is  for  particles 
smaller  than  —  75nm. 


Figure  I:  Various  processing  paths  followed  in  powder  consolidation. 


Suspension  route  is  used  to  eliminate  unwanted  particle  clusters  (agglomerates).  Gelation  route  is  for  particles  smaller 
than  -75  nm. 


2.3  Consolidation  of  Colloidal  Suspensions 


Colloidal  consolidation  is,  in  the  usual  sense,  simply  the  nuclcation  and  growth  of  particle  clusters. 
It  is,  then,  the  transition  of  a  colloidal  suspension  from  a  dispersed  to  a  flocculated  state.  It  may  also  be 
considered  as  a  transition  from  a  fluid-like  to  a  solid-like  state.  The  applications  for  ceramics  processing 
are  certainly  clear.  Extensive  theoretical  work  (see  Chapter  4)  and  a  review  (Appendix  VI)  have  been 
completed  by  our  group  on  this  topic.  In  addition,  AFOSR/DARI’A  funding  has  also  supported  the 
following  experimental  work. 

A  bimodal  or  polydisperse  particle  size  distribution  can  produce  particle  compacts  that  sinter  to  full 
density  at  significantly  lower  temperatures  than  systems  composed  of  monosir/x)  particles  (Appendix  VII). 
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Consolidation  of  bimodal  or  polydispcrsed  systems,  however,  is  complicated  by  particle  segregation  due 
to  different  particle  migration  rates.  This  work  (Appendix  VIII)  investigated  long-range  particle  segregation 
of  a  suspension  that  contained  particles  with  a  bimodal  size  distribution,  undergoing  consolidation.  Results 
showed  that  the  consolidation  mechanism  is  initially  filtration  and  later  sedimentation,  resulting  in  a 
gradation  of  microstructural  homogeneity.  Particle  segregation  in  the  bimodal  system  was  shown  to  be 
reduced  by  increasing  particle  concentration. 

Additional  studies  of  the  consolidation  of  colloidal  suspensions  included  a  combined  theoretical  and 
experimental  investigation  on  the  behavior  of  fiber-containing  suspensions  in  the  presence  of  thermal  and 
mechanical  forces.  The  properties  of  these  fiber  suspensions  are  expected  to  resemble  rod-like  macromolecular 
polymer  systems  that  form  liquid  crystals.  As  in  liquid  crystal  systems,  fiber  alignment  and  fiber  cluster 
formation  are  expected  to  occur  in  high  fiber  concentrations.  The  results  of  this  work  are  expected  to  lead 
to  improved  processing  techniques  in  the  fabrication  of  useful  ceramic  fiber-reinforced  ceramic  materials. 
Preliminary  observations  of  fiber  suspensions  under  the  influence  of  audio-frequency  vibrations  include 
the  formation  of  cluster  domains  with  roughly  parallel  alignment,  the  formation  of  separated  columns  of 
aligned  whiskers,  and  the  formation  of  other  regular  patterns  including  60-degrce  branched  structures. 


2.4  Sintering  and  Microstructure  Development 

In  the  sintering  of  consolidated  ceramic  powder  compacts,  microstructural  inhomogcncitics  introduced 
during  consolidation  lead  to  variations  in  sintering  kinetics  and  subsequent  microstructural  evolution. 
Particles  that  are  more  densely  packed  sinter  to  full  density  at  a  higher  rate  and  at  lower  temperatures 
than  do  less  densely  packed  particles.  Three  conditions  must  be  achieved  in  the  consolidated  powder 
compact  in  order  to  sinter  successfully  at  lower  temperatures:  small  particle  size,  narrow  pore  size 
distribution,  and  uniform  spatial  distribution  of  pores.  The  effects  of  these  parameters  on  sintering  kinetics 
and  microstructure  evolution  were  studied  in  detail  and  are  described  below. 

A  consolidated  compact  composed  of  smaller  particles  sinters  more  quickly  and  at  lower  temperatures 
than  does  compact  composed  of  relatively  larger  particles;  this  is  due  to  a  larger  chemical  potential  in  the 
former  as  a  result  of  its  smaller  radius  of  curvature.  Sol-gel  processing  employs  submicron-siz.ed  particles 
and  has  advantages  for  reducing  the  sintering  temperature  and  for  preparing  materials  with  high  uniformity 
and  parity  compared  to  conventional  processing.  Shinohara  and  Aksay  investigated  the  sintering  and 
microstructure  evolution  of  alumina  (Appendices  XXVa  and  XXVb)  and  mullite-forming  (Appendix 
XXVc)  gels.  Enhanced  densification  and  lower  sintering  temperatures  were  achieved  when  the  dense 
particle  packing  of  nanosiz.ed  particles  resulted  in  a  relatively  small  pore  size.  Slow  drying  of  the  gels  was 
of  course  necessary  to  minimize  anisotropic  shrinkage  of  the  gel  prior  to  ’sintering. 
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The  study  of  the  effect  of  pore  size  distribution  upon  sintering  and  dcnsification  behavior  naturally 
follows  from  the  work  described  in  the  previous  paragraph.  A  model  system  was  thus  devised  (see 
Appendices  VII  and  IX)  to  investigate  microstructure  evolution  during  sintering  in  a  ceramic  compact 
with  a  controlled  pore  structure.  The  approach  was  motivated  by  the  space-filling  concept,  which  suggests 
that  the  addition  of  fine  particles  in  a  coarse  matrix  results  in  the  reduction  of  pore  size  and  overall 
porosity.  A  colloidally  consolidated  ceramic  compact  was  prepared  from  a  suspension  of  particles  with  a 
bimodal  particle  size  distribution.  The  packing  density  went  through  a  maximum  at  an  intermediate  value 
for  a  volume  fraction  of  fines  (see  Figure  I  in  Appendix  VII),  thus  suggesting  an  optimum  amount  of 
smalt  particles  that  was  required  to  occupy  the  void  space  between  large  particles.  As  a  result,  the  pore 
size  distribution  was  smaller,  which  led  to  lower  sintering  temperatures  and  times.  Grain  growth  was 
consequently  reduced.  The  evolution  of  pore  size  distribution  during  densification  was  studied  bv  mercury 
porosimetry,  showing  that  bimodal  compacts  retained  open  pores  during  sintering  and  thus  reduced  the 
sintering  temperature  and  improved  the  degree  of  densification. 

A  novel  approach  to  the  fabrication  of  porous  ceramics  with  controlled  pore  size,  shape  and  spatial 
distribution  was  developed  (Appendices  X  and  XI)  in  our  laboratory.  The  geometry  and  topology  of  the 
pore  space  in  the  ceramic  body  was  precisely  controlled  by  introducing  solid  organic  material  in  the 
colloidal  ceramic  material  by  codispersion  or  lamination,  followed  by  thcrmolytic  decomposition  of  the 
organic  solid.  The  space  initially  occupied  by  the  organic  inclusions  forms  the  pore  network  in  the  body 
and  thus  results  in  the  controlled  formation  of  microstructure. 

The  effect  of  fibers  and  whiskers  on  the  consolidation  of  ceramic  fiber-ceramic  matrix  composites  was 
investigated.  The  objective  of  this  study  has  been  to  prepare  fiber-reinforced  mullite  matrix  composite 
materials  in  order  to  produce  high-strength  dense  ceramic  bodies  at  reduced  ( <  I250”C)  sintering  temper¬ 
atures.  Fabrication  of  the  mullite  matrix  was  accomplished  by  sol-gel  processing  technology,  whereby  a 
monomeric  silica-rich  compound  is  polymerized  in  a  suspension  containing  a  fine  alumina-rich  powder 
The  gel  thus  formed  was  used  in  either  the  wet  monolithic  form  or  in  the  dried,  powdered  form.  Chopped, 
short  fibers  of  various  aspect  (i.c.,  length/diameter)  ratios  were  incorporated  into  the  mullite  matrix-forming 
material  prior  to  heat  treatment.  Fiber  concentration,  expressed  as  a  volume  fraction,  altered  both  the 
degree  and  rate  of  densification:  increased  fiber  concentration  (up  to  15%)  required  higher  sintering 
temperatures  and  longer  sintering  times  to  achieve  a  given  degree  of  densification.  (Sec  also  Appendix  XXVIf). 


2.5  Post-Sintering  Properties  Characterization 

The  goal  of  these  studies  in  the  processing  of  high  performance  materials  has  been  to  improve  the 
properties  of  the  resulting  ceramic  bodies.  Microstructural  features  inherited  from  earlier  processing  steps 
certainly  afTcct  structural  properties,  as  do  chemical  and  grain  size  changes  occurring  during  sintering  and 
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densification.  The  microstructurc/nanostructurc  considerations  have  been  described  in  earlier  sections. 
Characterization  of  the  latter  properties,  as  well  as  the  optical  properties  of  mullitc,  will  be  discussed  below. 

The  chemical  identity  of  various  phases  in  polycrystallinc  ceramic  materials  and  interphase  regions 
at  grain  boundaries  was  studied  by  a  variety  of  analytical  techniques,  in  particular  the  high  resolution 
transmission  electron  microscopy  (IIREM)  imaging  technique.  First,  the  reaction  series  during  the  sintering 
of  kaoliriite  (Appendix  XII)  and  metakaolinitc  (Appendix  XIII)  to  mullitc  was  studied,  in  order  to 
characterize  the  reaction  and  reaction  products  responsible  for  the  980 °C  exotherm  observed  during 
sintering.  The  exotherm  was  found  to  exist  due  to  the  formation  of  a  nearly  pure  y-AIjOj-type  spinel 
phase  as  a  result  of  a  phase  separation  in  the  amorphous  dehydroxylated  kaolinite  matrix.  Second,  an 
evaluation  of  the  use  of  the  IIRFM  technique  for  the  detection  of  grain  boundary  amorphous  phases  was 
prepared  (Appendix  XIV).  ITte  technique  was  then  employed  to  provide  a  detailed  characterization  of  the 
interphase  regions  of  polycrystalline  mullitc  prepared  from  kaolinite  and  alpha-alumina  (Appendix  XV); 
identification  of  crystalline  and  amorphous  phases  were  made  by  the  IIRFM  technique,  as  was  the  growth 
direction  of  crystallites  during  mullitc  formation. 

Additional  post-sintering  characterization  included  developing  a  quantitative  method  for  relating 
infrared  transparency  to  post-densification  microstructurc  of  mullite.  In  another  study,  the  transparency 
of  mullite  to  infrared  radiation  was  shown  to  be  dependent  primarily  on  the  purity  and  post-sintering 
microstructure  (Appendix  XVI).  Mullite-forming  gels  were  used  to  prepare  monolithic  ceramic  bodies, 
which  densified  to  nearly  (98%)  theoretical  density  at  1250°C.  Infrared  transparency  depended  upon 
'pore-filling'  (i.e.,  microstructure  evolution)  by  viscous  phase  deformation  of  silica  and  subsequent  crystal¬ 
lization  of  mullitc  during  sintering.  Infrared  absorption  analysis  can  thus  in  this  case  be  used  to  characterize 
the  completeness  of  chemical  reaction,  the  nature  of  pore  size  distribution,  and  the  degree  of  densification. 


3.  Development  of  Light  Weight  Ceramic-Metal  Composites 


Ceramic-metal  composites,  when  properly  processed,  combine  the  useful  properties  of  ceramic  and 
metal  materials  into  one  system.  The  synthetically  processed  group  of  refractory  carbide-metal  composites 
have  traditionally  been  processed  by  liquid  phase  sintering,  an  effective  lower  cost  fabrication  process. 
However,  its  applicability  to  ceramic-metal  composites  has  only  been  illustrated  in  thermodynamically 
compatible  systems.  The  WC-Co  and  TiC-Ni  systems  are  the  best  studied  examples  of  these  thermody¬ 
namically  compatible  systems.  Most  ceramic-metal  composite  systems  of  interest,  however,  are  thermo¬ 
dynamically  incompatible  at  elevated  temperatures.  Therefore,  when  the  liquid  phase  sintering  approach 
is  attempted,  chemical  reactions  may  result  in  the  depletion  of  either  the  metal  or  the  ceramic  phase  prior 
to  full  densification.  Consequently,  a  number  of  difficulties  have  been  encountered  in  the  development  of 
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many  ceramic -metal  composite  systems.  Ixnv  temperature,  solid-state  dcnsification  methods  provide  a 
solution  to  the  phase  depletion  problems  encountered  at  elevated  temperatures.  However,  the  main 
disadvantage  of  low  temperature  processing  methods  is  that  in  the  absence  of  chemical  reactions,  wetting 
of  the  ceramic  by  the  metal  phase  is  not  always  achieved.  In  such  eases,  even  with  high  pressure  forming 
techniques,  porosity  is  not  completely  eliminated. 

The  preliminary  studies  performed  under  a  I  awrcnce  Livermore  National  laboratory  (l.I.NI  )  contract 
have  shown  that  B4C-AI  and  B4C-C.u-.Si  composite  systems  can  be  processed  to  nearly  full  densities  in 
lightweight  cermets  at  temperatures  below  1200”C  only  by  hot  isostatic  pressing  techniques.  The  new 
work,  outlined  below,  describes  the  main  accomplishments  which  were  undertaken  between  1983-86.  The 
main  emphasis  at  this  phase  of  the  effort  was  given  to  the  development  of  B4C-AI  and  SiC-AI  cermets 
by  an  infiltration  technique.  During  this  period,  a  methodology  was  formulated  to  circumvent  the  problems 
encountered  in  the  microdesigning  of  thermodynamically  incompatible  ceramic-metal  composites  in  terms 
of  the  wetting  characteristics  of  the  ceramic  phase  by  the  metal,  the  rate  of  chemical  reactions  at  the 
interfaces,  the  resultant  microstructurcs,  and  the  mechanical  properties  achieved.  1'his  methodology  will 
be  illustrated  here.  The  most  successful  results  during  this  phase  of  the  program  were  achieved  in  B4C-AI 
cermets.  Therefore,  the  main  emphasis  below  will  be  given  to  the  processing,  microstructurcs.  and  properties 
of  B4C-AI  cermets. 


3.1  Capillarity  and  Reaction  Thermodynamics 


In  order  to  achieve  intimately  mixed  multiphase  combinations,  the  first  requirement  is  to  control  the 
wetting  characteristics  of  the  solid  phases  by  the  liquid  metal.  At  high  temperatures,  chemical  reactions 
at  the  interfaces  result  in  a  change  in  the  interfacial  Tree  energies  and  thus  in  the  contact  angle.  Therefore, 
non-wetting  systems  (i.e.,  thermodynamically  incompatible)  can  be  turned  into  wetting  systems  by  taking 
advantage  of  these  chemical  reactions.  In  the  B4C-AI  system,  contrary  to  the  earlier  studies,  it  was  found 
that  Ai  can  be  turned  to  wetting  at  temperatures  above  lOOO'O.  However,  mass  transport  across  the 
interface  that  initially  results  in  wetting  may  result  in  the  formation  of  new  phases  in  excessive  amounts. 
The  control  of  these  chemical  reactions  in  the  formation  of  new  phases  in  the  B-C-Al  ternary,  as  described 
below,  is  the  key  factor  in  the  processing  of  B4C-AI  alloys.  It  is  these  chemical  reactions  which  take  place 
uncontrollably  fast  in  SiC-AI  and  A1B,  respectively,  at  the  interfaces  between  the  major  ceramic  and  metal 
phases  in  these  cermets. 

The  formation  of  seven  binary  and  ternary  phases  have  been  established  between  68(TC  (Tm  of  Al) 
and  1400"C  (Appendices  XVII  and  XVIII).  The  major  phases  arc  AIB2  and  AI4BC  (a  newly  discovered 
phase),  (Appendix  XIX)  AIB4C2  and  A!4Cj  above  1200X.  The  reaction  thermodynamic  studies  determined 
that  local  equilibrium  conditions  between  800  and  I200°C  must  be  established  so  that  AI4  DC  (the  so-called 
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X-Phasc)  will  evolve  and  tie-up  most  of  the  free  carbon  required  to  form  AI4C3.  It  is  established  that 
AI4C3  is  undesirable  (as  in  SiC-Al  cermets)  because  of  its  hygroscopic  nature  and  poor  mechanical 
properties.  Above  1200°C,  local  equilibrium  conditions  do  not  suppress  AI4C3  formation.  Therefore,  to 
process  B4C-AI  cermets  it  is  necessary  to  rapidly  heat  the  composite  to  a  point  near  1200°C  to  ensure 
wetting  and  then  subsequently  cool  to  temperatures  much  below  1200°C  for  the  development  of  the  desired 
microstructure. 


3.2  Densification 


B4C-AI  composites  cannot  undergo  pressurclcss  or  pressure  assisted  densification  unless  wetting  occurs. 
In  ceramic-metal  composites,  it  is  established  that  phase  rearrangement  is  the  major  densification  mechanism 
during  the  liquid  phase  sintering.  The  extent  of  phase  rearrangement  depends  on  the  degree  of  packing 
density  and  chemical  inhomogeneities  that  exist  in  a  powder  compact  after  the  initial  consolidation.  Due 
to  phase  rearrangement,  these  inhomogcncitics  are  amplified  during  sintering.  The  formation  of  large  voids 
due  to  the  rearrangement  of  the  liquid  phase  is  of  particular  concern,  especially  in  incompatible  systems, 
such  as  B4C-AI.  Observations  have  shown  that  sintered,  hot-pressed,  and  hot  isostatically  pressed  B4C-AI 
composites  all  possess  large  voids  which  are  surrounded  by  rigid  ceramic  shells. 

The  problems  associated  with  phase  rearrangement  during  liquid  phase  sintering  were  used  to  our 
advantage  when  the  fabrication  process  was  modified,  where  liquid  metal  was  infiltrated  into  the  monolithic 
porous  ceramic,  in  a  manner  similar  to  the  densification  of  agglomerates  (Appendix  XX).  This  approach 
allows  the  densification  of  fully  dense  and  uniform  composites,  as  the  optimized  hydraulic  resistance  and 
the  thickness  of  the  porous  substrates  facilitate  a  rapid  infiltration  technique.  To  obtain  porous  B4C 
substrates  with  modified  surface  characteristics,  compacts  were  heat  treated  above  2000°C  to  obtain  a 
ceramic  skeleton.  These  B4C  substrates,  with  a  predetermined  amount  of  void  percentage,  were  then 
infiltrated  with  molten  A1  at  about  12O0°C.  As  a  result,  two  major  types  of  B4C-AI  composites  were 
formed.  In  the  first  case,  the  metal  completely  depleted  to  form  a  dense  multi-ceramic  microstmeture.  In 
the  second  case,  a  certain  amount  of  A1  was  retained  in  the  final  microstructure.  These  two  cases  produced 
different  microstructurcs  with  various  intcrfacia!  characteristics  resulting  in  wide  variation  in  mechanical 
properties. 


3.3  Microstructures 

t 

In  contrast  to  liquid  phase  sintering  where  the  development  of  microstructurc  depends  mainly  on  the 
sintering  temperature  and  time,  the  infiltration  technique  microstructurcs  can  be  altered  in  several  stages. 
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These  stages  are  as  follows:  (i)  The  first  is  the  dispersion  and  consolidation  stage  where  colloidal  dispersion 
and  consolidation  of  B4C  powders  control  the  B4G/AI  ratio  of  the  final  product.  For  high  B4C  content 
(70%),  highly  dispersed  aqueous  suspensions  (with  pH  at  10.5)  were  used,  and  for  low  B4C  contents, 
flocculated  aqueous  suspensions  (with  pi  I  at  4)  were  used,  (ii)  The  second  stage  is  sintering,  which  is 
performed  at  1800  to  2200°C  and  which  results  in  the  formation  of  B4C  “sponges.”  Depending  on  the 
sintering  conditions,  the  total  porosity,  the  grain  and  channel  connectivity,  and  the  chemical  composition 
of  the  substrate  can  all  be  modified,  (iii)  The  third  stage  is  the  infiltration  stage,  which  is  performed  at 
about  11 SCC.  Depending  on  the  time  of  infiltration  and  on  the  cooling  schedule  after  the  completion  of 
infiltration,  controlled  microstructures  with  varying  amounts  of  metal  and  reaction  product  phases  can 
form,  (iv)  Lastly,  there  are  post  heat  treatments  which  involve  stress  retraining  procedures  on  the  as-cooled 
composites.  In  addition,  there  is  the  modification  of  the  microstructurc  of  the  metal  phase,  especially 
when  alloying  elements  are  also  used. 


3.4  Mechanical  Properties 

Samples  of  B4C-AI  composites  prepared  by  the  infiltration  technique  have  been  subjected  to  various 
mechanical  property  tests.  Both  the  fracture  strength  (4-point  bending)  and  fracture  toughness  (SENB) 
and  Chevron  Notch  properties  exhibit  the  best  values  for  .15%  initial  A1  content.  These  values  are  645 
MPa  for  the  strength  and  9.7  MI’a.ml/2  for  the  toughness,  545  MPa  for  the  strength  and  14  4  MPa.m,/2 
toughness,  respectively. 

Properties  are  not  necessarily  controlled  by  the  total  initial  and  retained  A1  phase  alone,  but  also  by 
the  reaction  products  which  especially  form  during  the  infiltration  stage.  It  was  also  found  that  the  porous 
B4C  skeleton  itself  cannot  be  responsible  for  the  deviation  of  rule  of  mixtures  seen  in  the  property  data. 
The  maxima  on  the  fracture  strength  and  K|c  data  appear  to  be  related  to  the  continuity  factor  which  is 
defined  as  the  average  number  of  connected  grains. 

Studies  analyzing  how  alloying  elements  in  A1  affect  the  microstructures  and  the  mechanical  properties 
were  also  initiated  during  this  period  of  the  program.  Both  2024  and  7075-A1  alloys  were  used  which  are 
based  mainly  on  Cu  and  Zn,  respectively.  As  expected,  the  effect  of  alloying  elements  on  the  overall 
properties  of  the  composites  came  from  their  tendency  to  form  precipitates,  thereby  changing  the  properties 
of  the  metal  phase.  In  addition,  because  of  the  high  infiltration  temperature  (>  l!50°C),  exceptionally 
high  for  metal  processing,  some  desirable  and  undesirable  formation  of  inlcrmetallic  compounds  among 
the  alloying  elements  and  among  B  and  C  may  take  place.  While  there  is  a  gradual  decrease  in  hardness 
values  as  the  metal  content  is  increased,  both  in  toughness  and  in  strength  there  is  a  substantial  initial 
increase  before  a  gradual  decrease  takes  place.  This  behavior  was  also  observed  in  other  classical  ceramic- 
metal  composites,  such  as  WC-Co  (Appendix  XXVd).  These  changes  in  the  mechanical  properties  of 


10 


B4C-AI  alloy  composites  that  are  affected  by  the  microstructural  variations  as  a  result  of  processing 
variables  will  be  one  of  the  main  focuses  in  the  continuation  of  this  program.  These  structural  changes 
take  place  at  nano-scale,  especially  at  the  ceramic-metal  interfaces  and  in  the  metal  phase,  icquiring  high 
spatial  resolution  characterization  techniques. 


3.5  Summary  and  Conclusions 


During  this  phase  of  the  program,  intrinsically  hard  and  potentially  tough  lightweight  cermets  were 
developed  by  applying  thermodynamical  guidelines  as  processing  principles.  Composites  of  SiC-AI  were 
shown  to  have  a  poor  combination  of  mechanical  properties  and  stability  because  of  the  uncontrollable 
reactions  which  take  place  during  the  infiltration  stage.  On  the  other  hand,  B4C-AI  cermets  were  successfully 
processed  to  yield  excellent  mechanical  properties  (fracture  strength  up  to  645  MPa,  fracture  toughness  up 
to  14.4  MPa.m1^).  In  this  system,  which  is  an  incompatible  ceramic  metal  composite,  the  wetting 
requirement  of  the  ceramic  phase  by  the  metal  was  achieved  by  taking  advantage  of  the  chemical  reactions 
between  the  ceramic  and  the  metal  phases.  Since  the  retention  of  the  metal  phase  in  the  final  product  is 
an  essential  requirement,  the  detrimental  effect  of  the  chemical  reactions  was  minimized  by  using  an 
infiltration  technique.  In  this  procedure,  the  molten  metal  is  infiltrated  into  a  partially  sintered  B4C 
"sponge"  having  a  predetermined  amount  of  porosity  which  is  filled  by  the  metal  phase  to  achieve  a  fully 
dense  composite. 

It  has  been  illustrated  that  the  unique  properties  associated  with  the  individual  phases  which  form  in 
B4C-AI  cermets  allow  the  formation  of  many  “tailorable”  microstructures  with  wide  ranging  mechanical 
properties.  In  addition,  it  has  been  shown  that  the  introduction  of  alloying  elements  into  the  metal 
component  has  an  added  advantage  in  designing  the  composites  now  at  the  nano-scalc,  especially  in 
controlling  the  interfacial  characteristics  between  the  ceramic  and  the  metal.  The  next  challenge  will  be  in 
the  understanding  and  controlling  of  these  nanostructural  features  in  the  further  development  of  the  B4C-AI 
cermets. 


4.  Theoretical  Studies 


The  goal  of  the  theoretical  studies  is  to  provide  a  fundamental  understanding  of  various  phenomena 
that  occur  in  the  various  stages  of  colloidal  processing,  namely,  dispersion,  consolidation,  and  sintering, 
and  as  a  result,  to  help  design  better  procedures  to  process  ceramic  materials  to  meet  specific  needs.  During 
the  past  few  years,  the  theoretical  program  has  grown  significantly.  Wc  have  been  able  to  extend  our 
studies  from  monodispersions  to  bimodal  systems,  from  equilibrium  calculations  to  non-equilibrium  ones, 
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from  cl  ctrostatically  stabilized  systems  to  stcrically  stabilized  ones,  from  bulk  properties  to  interfaces.  The 
results  are  very  fruitful. 

The  achievements  are  outlined  as  follows:  (I)  A  general  equilibrium  phase  diagram  for  monodisperse 
systems  which  summarizes  the  stability  region  of  the  colloidal  solids,  the  colloidal  liquids,  and  the  colloidal 
gases  in  the  parameter  space  (see  Appendix  XXI);  (2)  Phase  diagrams  of  monodisperse  and  bimodal 
charged  colloidal  particles  (see  Appendices  XXII  and  XXVe);  (.1)  Non-equilibrium  aggregation  studies  for 
monodisperse  as  well  as  binary  colloidal  suspensions  (see  Appendices  XXIII,  XXIV  and  XXVf);  and  (4) 
Polymer  adsorption  on  colloidal  particles  and  steric  interactions  between  colloidal  particles  (see  Appendix 
XXVg). 

The  work  in  (I)  is  concerned  with  the  general  equilibrium  phase  diagram  of  monodisperse  colloidal 
systems.  The  essence  of  the  work  is  that  1.  A.  Aksay  and  R.  Kikuchi  were  able  to  develop  a  lattice-gas 
model  in  which  there  exists  three  distinct  phases.  Tire  ordered  low-temperature  phase  is  identified  as  the 
solid  phase.  The  two  disordered  phases,  one  of  which  has  a  higher  density  than  the  other,  are  identified 
as  the  liquid  phase  and  the  gas  phase,  respectively.  The  use  of  the  cluster  variation  method  (CVN1)  enables 
the  authors  to  obtain  the  phase  diagram  in  the  parameter  space  accurately.  I  he  phase  diagram  summarizes 
the  stability  regions  of  the  solids,  liquids,  and  gases  when  the  intcrparticlc  attraction  energy  is  varied,  ibis 
work  has  served  as  a  general  guideline  for  much  of  the  experimental  work  (for  the  details,  see  the  review 
in  Appendix  XXI)  and  also  has  served  as  a  nucleus  for  the  rest  of  the  theoretical  effort. 

The  work  in  (2)  is  concerned  with  the  crystallization  of  colloidal  particles  under  repulsive  conditions. 
The  essence  of  this  work  is  that  the  authors  Shih  et  al.  were  able  to  calculate  the  free  energies  of  all  phases 
(the  various  crystalline  phases  as  well  as  the  liquid  phase)  with  a  variational  principle.  Because  they  treated 
all  phases  on  equal  footing,  they  were  able  to  come  up  with  very  accurate  theoretical  phase  diagrams.  Por 
the  monodisperse  systems,  the  theory  predicted  the  body-ccntcred-cubic  (bcc)  and  the  facc-centcred-cubic 
(fee)  crystalline  structures  for  the  colloidal  solids.  The  bcc  phase  exists  only  when  the  particle  charge  is 
high  and  the  particle  density  is  low,  while  the  fee  phase  dominates  in  most  of  the  solid  phase  regions  (sec 
Appendix  XXII).  These  predictions  are  in  very  good  agreement  with  experiments  on  various  colloidal 
systems.  In  particular,  in  the  ceramic  suspensions  where  the  particle  charge  is  usually  not  too  high,  the 
fee  phase  has  been  identified  with  monodisperse  silica  suspensions.  As  for  bimodal  systems,  the  theory 
predicts  instability  of  the  substitutional  crystals  against  the  formation  of  the  liquid  phase.  let  y  denote 
the  ratio  of  the  diameter  of  the  small  particles  to  that  of  the  large  particles.  When  y  is  close  to  I,  say, 
0.8,  although  the  system  can  freeze  into  a  crystalline  solid,  the  freezing  density  as  a  function  of  the 
small-particle  concentration  has  a  maximum  at  some  intermediate  concent'ation;  when  y  is  farther  from 
I,  say,  0.5,  the  crystalline  phase  cannot  be  formed  in  most  of  the  phase  space,  except  in  the  regions  that 
are  close  to  the  pure  cases.  The  implication  of  these  predictions  is  that  in  most  bimodal  (or  polydispersed) 
systems,  one  gets  colloidal  "glasses"  rather  than  colloidal  crystals  and  hence  a  narrower  pore  size  distribution. 
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These  predictions  provide  a  fundamental  understanding  for  the  consolidation  behavior  in  bimodal  colloidal 
systems  as  described  in  Section  2. 

The  work  in  (3)  is  concerned  with  the  agglomeration  in  monodisperse  systems  as  well  as  in  binary 
suspensions  when  the  colloidal  particles  are  under  attractive  conditions.  Agglomeration  is  a  non-equilibrium 
phenomenon  and  thus  cannot  be  explained  by  an  equilibrium  theory.  The  essence  of  this  work  is  that  the 
authors  were  able  to  develop  a  non-equilibrium  aggregation  model  in  which  they  allow  the  intcrparticle 
attraction  E  to  be  finite  so  that  binding  and  unbinding  are  both  possible.  It  turned  out  that  the  colloidal 
aggregates  can  be  either  fractal  or  compact  depending  on  the  condition.  The  fractal  dimension  of  the 
aggregates  can  vary  with  E  and  with  time.  We  have  also  estimated  the  sedimentation  density  as  a  function 
of  E,  which  closely  resembles  the  experimental  curve.  In  colloidal  processes,  as  a  rule,  one  has  non¬ 
equilibrium  situations  rather  than  equilibrium  ones.  Therefore,  the  theory  provides  a  better  fundamental 
understanding  as  to  how  the  structure  of  the  agglomerated  solids  varies  with  experimental  conditions  and 
also  provides  a  new  way  of  characterizing  the  structure  of  the  agglomerated  solids,  namely,  the  fractal 
dimension.  A  detailed  comparison  between  the  theory  and  the  experiments  is  given  in  Appendix  XXIV. 

As  for  binary  suspensions,  experimentally,  it  is  seen  that  an  initially  stable  suspension  of  alumina 
particles  can  be  induced  to  undergo  flocculation  when  a  less  attractive  species,  e  g.,  organic  microemulsion 
particles,  is  added  to  the  suspension.  Furthermore,  when  the  organic  microcmulsion  particle  density  reaches 
some  critical  value  the  whole  suspension  becomes  free  from  flocculation  again.  The  details  of  the  exper¬ 
iments  are  contained  in  Section  2.  This  phenomenon  is  analogous  to  the  so-called  depiction  flocculation 
and  depletion  stabilization  in  polymer-colloidal  systems.  To  explain  this  phenomenon,  we  have  performed 
both  aggregation  simulations  as  well  as  equilibrium  calculations.  The  aggregation  simulations  show  exactly 
the  same  behavior  as  seen  in  the  experiments;  i.e.,  the  cluster  size  has  a  peak  with  respect  to  the  density 
of  the  second-species  particles  while  the  equilibrium  calculations  show  a  monotonic  increase  in  cluster  size 
with  respect  to  the  second-species  particle  density.  The  discrepancy  between  the  result  of  the  simulations 
and  that  of  the  equilibrium  calculations  clearly  indicates  that  the  restabilization  of  the  first-spccics  particles 
at  higher  sccond-species-particle  densities  is  due  to  kinetics.  This  work  is  especially  important  in  interpreting 
the  experimental  results  in  sterically  stabilized  systems  that  contain  excess  polymer  in  solution. 

The  work  in  (4)  is  concerned  with  the  polymer  adsorption  on  colloidal  particles  and  the  steric 
interaction  between  colloidal  particles.  So  far,  most  theoretical  studies  of  polymer  adsorption  have  dealt 
with  single-chain  adsorption  behavior  In  reality,  this  is  rarely  the  case.  It  is  therefore  important  to  study 
the  multi-chain  adsorption.  We  have  studied  the  multi-chain  adsorption  with  equilibrium  calculations  as 
well  as  with  computer  simulations. 

While  most  computer  simulations  deal  with  single-chain  adsorption  for  neutral  polymers,  we  have 
done  simulations  for  multichain  adsorption  of  neutral  polymers  as  well  as  polyclectrolytes.  The  preliminary 


results  show  that  when  the  monomers  have  repulsion  between  themselves  such  as  in  the  case  of  charged 
polyclectroiytes,  the  saturated  adsorption  amount  is  smaller  than  when  there  is  no  repulsion  between 
monomers.  This  agrees  with  experiments  described  in  Section  2.  The  simulation  further  indicates  that  in 
the  repulsive  condition,  although  the  adsorption  amount  is  smaller,  the  height  of  the  adsorption  layer  is 
actually  larger.  The  adsorption  height  determines  the  range  of  the  stcric  interaction  between  two  adsorbed 
layers  and  is  therefore  an  important  parameter  in  tailoring  the  intcrparticlc  interaction.  Another  advantage 
of  the  simulation  is  that  it  can  give  structural  information  which  can  be  directly  compared  with  neutron 
or  x-ray  scattering  data. 

In  summary,  the  results  of  the  theoretical  studies  are  very  encouraging.  We  have  been  able  to  extend 
the  studies  to  various  conditions  ranging  from  monodispersions  to  binary  suspensions,  from  electrostatic 
interactions  to  steric  interactions,  and  from  equilibrium  calculations  to  non-equilibrium  ones.  In  addition, 
we  have  provided  more  fundamental  understanding  for  the  experiments. 
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6.  Facilities 


The  following  equipment  was  purchased  for  use  by  the  research  group  with  funding  from  grant  no. 
AFOSR-83-0375. 

Description 

•  ASF.A  Pressure  System,  spare  parts,  optional  elect,  hyd.  C,  molybdenum  furnace,  $50.00. 

•  Perkin-F.lmer- I'hermal  analysis  system,  Disc  drive,  professional  computer,  keyboard,  TAC7-instrument 
controller,  demo  model  AD2-Z,  TCiA-thcrmogravimctric.  analv7cr,  monitor:  model  7500,  $5,000  + 
2,000  dem. 

•  I  eeds  &  Northrup,  Pyrometer,  heating  elements,  automatic  pyrometer,  objective  lens,  $2,692. 

•  Nicolet,  5DXB  FT-1R  Spectrometer  System,  $9,384. 

•  Water  still.  Mega  Pure,  cartridge  demincralli/.er,  cartridge  organic  removal,  wall  bracket,  $1,020. 

•  Richard  Brew  Furnace,  element.  Model  466,  $969. 

•  Allied  Fisher,  Scientific  pi  I  meter,  $718. 

•  Brookfield  F,ngr.  1  ab  equipment,  rhcrmogcl,  extra  sample  chamber,  extra  spindle,  $1,553. 

•  Astro  Industries,  heating  element  for  Astro  Model  2570,  $1,295. 

•  Hi  Temp.  Graphite,  tube  furnace,  $60,274. 

•  Gatan  Inc.  -  Cold,  stage  for  Model  600,  Dual  Ion  Mill,  $3,970. 

•  Brookhaven  -  light,  scattering  system,  Bl  -  200  SM  Gonimctcr  with  options.  Bl  -4  1'  multiple,  sample 
time,  Bl  -  CON  stepping  motor,  controller  fiber,  $34,735. 

•  Newport  Optical  Table,  Vibration  Isolation  System,  XK  4A-28,  Air  '  liter,  Ar-F,  $8,57R. 


16 


•  Spectra  Physics  -  I aser,  15  mW  IleNe  laser,  model  XK  124-B,  $3,337. 

•  Power  Meter  Newport,  Model  820  AC,  $1,175. 

•  ONCTI  182509,  IBM-AT  computer  wkstn,  80287  NDP,  cable  for  printer  model  339,  Microsoft  C 
Compiler  Ver  3.0,  Fortran  Compiler  Ver.  3.31,  DOS  Programmers  Ref.  Man.,  Macro  assembler  4.0, 
Word  Ver.  3.0,  IBM-AT  Technical  Ref.  Man.,  $5,126. 

•  EGA  &  graphics  card  &  Epson  EX  -  85  Printer,  $913. 

•  NFC  -  Multisync  Hi  -  Res.  Color  Monitor,  $720. 

•  AST  Rampage/ Port  with  512  K,  $793. 


7.  Technical  Communications 


7.!  Presentations 

1.  Aksay,  J.A.  and  Sarikaya,  M.,  “Mullitization  of  Kaolinite,”  presented  at  the  36th  Pacific  Coast 
Regional  Meeting  of  the  American  Ceramic  Society,  San  Diego,  CA,  October  3-5,  1983. 

2.  Py7.ik,  A.  and  Aksay,  I.A.,  "Development  of  BaC/Cu-Alloy  Cermets,"  presented  at  the  36th  Pacific 
Coast  Regional  Meeting  of  the  American  Ceramic  Society,  San  Diego,  CA,  October  3-5,  1983. 

3.  Sonuparlak.  B.  and  Aksay,  I. A.  “Kaolinite  Reaction  Scries,"  presented  at  the  36th  American  Ceramic 
Society  Annual  Meeting,  Pittsburgh,  PA,  April  29-May  3,  1984. 

4.  Py/ik,  A.J.  and  Aksay,  I. A.,  "Phase  Rearrangement  during  I.iquid  Phase  Sintering."  presented  at  the 
86th  American  Ceramic  Society  Annual  Meeting,  Pittsburgh,  PA,  April  2°-May  3,  1984. 

5.  Aksay,  I. A.,  Kikuchi,  R.,  Allman,  M.  Ill,  and  Davutoglu.  A.  “Phase  Transitions  in  Colloidal  Systems," 
presented  at  the  58th  Colloid  and  Surface  Science  Symposium  of  the  American  Chemical  Society, 
Pittsburgh,  PA,  June  11-13,  1984 
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6.  Aksay,  I.A.,  “Structure  of  Colloidal  Phases,"  presented  at  the  “Ceramic  films  &  Substrates,"  Aurora, 
NY,  July  15-18,  1984. 

7.  Sonuparlak,  B.  and  Aksay,  I.A.  “Mullitc  Formation  with  Molecularly  Mixed  SiO^-AljO},”  presented 
at  the  37th  Pacific  Coast  Regional  American  Ceramic  Society,  San  Francisco,  CA,  October  28-No- 
vember  1,  1984. 

8.  Yasrebi,  M.  and  Aksay,  I.A.,  “Microstructural  Uniformity  in  Ceramic-Organic  Binder  System,"  pre¬ 
sented  at  the  37th  Pacific  Coast  Regional  of  American  Ceramic  Society,  San  Francisco,  CA,  October 
28- November  1,  1984. 

9.  Aksay,  I.A.,  "Defects  in  Colloidal  Crystals,"  presented  at  the  37th  Pacific  Coast  Regional  of  the 
American  Ceramic  Society,  San  Francisco,  CA,  October  28- November  1,  1984. 

10.  Milius,  D.,  Pyzik,  A.J.,  and  Aksay,  I.A..  "Sintering  of  SiC  With  liquid  Aluminum,”  presented  at  the 
37th  Pacific  Coast  Regional  of  the  American  Ceramic  Society,  San  Francisco,  CA,  October  28-No- 
vember  1,  1984. 

1 1.  Han,  C.  and  Aksay,  I. A.,  "Uniform  Dcnsification  of  Bimodal  Particle  Systems,”  presented  at  the  37th 
Pacific  Coast  Regional  of  the  American  Ceramic  Society,  San  Francisco,  CA,  October  28-Novcmber 
1,  1984. 

12.  Sonuparlak,  B.,  Yasrebi,  M.,  and  Aksay,  I.A.,  “Processing  of  High  Strength  Porous  Alumina." 
presented  at  the  American  Ceramic  Society  87th  Annual  Meeting,  Cincinnati,  OH,  May  -■  9,  1985. 

13.  Cesarano,  J.  and  Aksay,  I.A.,  “Polyelectrolytc  Adsorption  on  n-AljOj  and  Aqueous  Suspension 
Stability,"  presented  at  the  American  Ceramic  Society  87th  Annual  Meeting  in  Cincinnatti,  Oil,  May 
5-9,  1985. 

14.  Aksay,  I.A.,  “Structural  Characteristics  of  Alumina-Rich  Melts  in  the  System  AljOj-SiOj,"  presented 
at  the  American  Ceramic  Society  87th  Annual  Meeting  in  Cincinnati,  OH.  May  5-9,  1985 

15.  Pyzik,  AJ.  and  Aksay,  I.A.  "Processing  of  High  Toughness  Boron  Carbide  -  Aluminum  Composite," 
presented  at  the  American  Ceramic  Society  87ti;  Annual  Meeting,  Cincinnati,  OH,  May  5-9,  1985, 

16.  Cesarano,  J.  and  Aksay,  I.A,,  “Interaction  of  Polymcthacrylic  Acid  with  n-AI20,  in  Aqueous  Sus¬ 
pension,"  presented  at  the  59th  International  Conference  on  Surface  and  Colloid  Science,  Clarkson 
University,  Potsdam,  NY,  June  24-28,  1985 


18 


17.  Sarikaya.  M.,  Pyzik,  A.J.,  and  Aksay.  I. A.,  “F.ffect  of  Secondary  Phases  on  the  Properties  of  B4C-AI 
Composites,1'  presented  at  the  American  Ceramic  Society  Pacific  ('oast  Regional  Meeting,  Irvine,  CA, 
October  27-30,  1985. 

18.  Pyzik,  AJ.  and  Aksay,  I.A.,  "Processing,  Microstnrcture,  and  Mechanical  Properties  of  Boron  Carbide 
-  Aluminum  Alloy  Composites,”  presented  at  the  38th  Pacific  Coast  Regional  Meeting  of  the  American 
Ceramic  Society,  Irvine,  CA,  October  27-30,  1985. 

19.  Sonuparlak,  B.,  Sakai,  M.,  Yasrebi,  M.,  and  Aksay,  l.A.  "Processing  Method  to  Retain  the  Strength 
of  Fully  Dense  State  in  Porous  Ceramics,"  presented  at  the  38th  Pacific  Coast  Regional  Meeting  of 
the  American  Ceramic  Society,  Irvine,  CA,  October  27-30,  1985. 

20.  Milius,  D.,  Pyzik,  A.J.,  and  Aksay,  I.A.,  "Processing  and  Mechanical  Properties  of  AlBj-Al  Compos¬ 
ites,"  presented  at  the  38th  Pacific  Coast  Regional  Meeting  of  the  American  Ceramic  Society,  Irvine. 
CA,  October  27-30,  1985. 

21.  Aksay,  I.A.,  "Forming  of  Ceramics  with  Suhmicron  Size  Powders."  presented  at  the  13th  Automotive 
Materials  Conference,  Processing  of  Automotive  Ceramics.  University  of  Michigan,  Ann  Arbor,  Mich¬ 
igan,  November  6-7,  1985. 

22.  Aksay,  I.A.,  Shinohara,  N  ,  and  Sonuparlak,  B„  "Processing  of  Mullitc  Ceramics,"  presented  at  the 
88th  Annual  American  Ceramic  Society  Meeting,  Chicago,  II.,  April  27-May  I,  1986 

23.  Yasrebi,  M.  and  Aksay,  I. A.,  "Processing  of  Dense  Ceramic  Bodies  from  Ceramic-Organic  Binder 
Compacts,"  presented  at  the  88th  American  Ceramic  Society  Meeting,  Chicago.  II.,  April  27-May  1. 
1986. 

24.  Shinohara,  N.,  Sonuparlak,  B.,  and  Aksay,  I.A..  "Processing  of  Mullitc  Ceramics,"  presented  at  the 
88th  Annual  American  Ceramic  Society  Mceeting,  Chicago,  II..  April  27-May  I,  1986 

25.  Gallagher,  D.  and  Aksay,  I.A.,  “Solvent  and  Surfactant  F.ffccts  in  Co-Dispersion,”  presented  at  the 
88th  Annual  American  Ceramic  Society  Meeting,  Chicago,  II.,  April  27-May  1,  1986 

26.  Sarikaya,  M.,  Aksay,  I. A.,  and  Pyzik,  A.J.,  "Microdcsigning  of  Ceramic-Metal  Composites,”  presented 
at  the  Ceramic  Microstructures  86:  Role  of  Interfaces  Symposium,  Berkeley,  CA,  July  28-31,  1986. 
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27.  Sarikaya,  M.,  "High -Resolution  TF,M  Studies  of  Mullitc  Formation  in  Metakaolinite,''  presented  at 
the  44th  Annual  Meeting  of  Electron  Microscopy  Society  of  America,  Albuquerque,  NM,  August 
10-15,  1986. 

28.  Dabbs,  D.M.  and  Aksay,  I. A.,  “Infrared  Transparent  Mullitc  for  Use  Above  1600°C,"  presented  at 
the  30th  Annual  SPIE  Technical  Symposium  on  Infrared  &  Optical  Transmitting  Materials,  San 
Diego,  CA,  August  18,  1986. 

29.  Dabbs,  D.M.  and  I. A.  Aksay,  “FT1R  Characterization  of  Mullitc-Forming  Gels,”  presented  at  Amer¬ 
ican  Ceramic  Society  39th  Pacific  Coast  Regional  Meeting,  Seattle,  WA,  October  22-24,  1986. 

30.  Gallagher,  D.  and  I.A.  Aksay,  "Surfactant  Adsorption  on  B4C  and  A1  Interfaces  in  Nonaqueous 
Solutions,"  presented  at  American  Ceramic  Society  39th  Pacific  ('oast  Regional  Meeting,  Seattle,  WA, 
October  22-24,  1986. 

31.  Hirata,  Y.  and  I.A.  Aksay,  “long  Range  Particle  Segregation  in  Colloidal  Filtration,"  presented  at 
American  Ceramic  Society  39th  Pacific  Coast  Regional  Meeting,  Seattle,  WA,  October  22-24,  1986. 

32.  Shinohara,  N  and  I.A.  Aksay,  “Sintering  and  Cracking  Behavior  of  Bochmitc  with  n- AljO^  Additive,” 
presented  at  American  Ceramic  Society  39th  Pacific  Coast  Regional  Meeting,  Seattle,  WA.  October 
22-24,  1986. 

33.  Shinohara,  N.,  I.A.  Aksay,  and  B.  Sonuparlak.  "Sintering  of  Monolithic  Mullitc  Gel  from  Bochmite 
and  TEOS,"  piesentcd  at  American  Ceramic  Society  39th  Pacific  Coast  Regional  Meeting,  Seattle. 
WA,  October  22-24,  1986. 

34.  Yamada,  R.  and  I.A.  Aksay,  “Translucent  Mullitc  Ceramics  Fully  Dcnsificd  at  1250”C,”  presented  at 
American  Ceramic  Society  39th  Pacific  Coast  Regional  Meeting,  Seattle.  WA,  October  22-24,  1986. 

3S  Sonuparlak,  B.  and  I.A.  Aksay,  “Processing  of  Mullite  Matrix  Composites,"  presented  at  American 
Ceramic  Society  39th  Pacific  Coast  Regional  Meeting,  Seattle,  WA,  October  22-24,  1986. 

36.  Cesarano  III,  J.  and  I.A.  Aksay,  "Aspects  of  Polyelectrolyte  Stabilization  and  Aqueous  Suspension 
Processing,"  presented  at  American  Ceramic  Society  39th  Pacific  Coast  Regional  Meeting,  Seattle, 
WA,  October  22-24,  1986. 

37.  Aksay,  I.A.  and  D.U.  Milius,  “Impact  Resistance  of  B4C/AI  Composites,"  presented  at  American 
Ceramic  Society  39th  Pacific  Coast  Regional  Meeting,  Seattle,  WA,  October  22-24,  1986. 
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38.  Aksay,  I.A.  and  D.I..  Milius,  “Input  Resistance  of  B4C/A1  Composites,"  presented  at  American 
Ceramic  Society  39th  Pacific  ('oast  Regional  Meeting,  Seattle,  WA,  October  22-24,  1986. 

39.  l_aoui,  T.,  M.  Sarikaya  and  I.A.  Aksay,  "Characterization  of  a  New  Phase  in  Al-B-C  Ternary  System," 
presented  at  American  Ceramic  Society  39th  Pacific  ('oast  Regional  Meeting,  Seattle,  WA,  October 
22-24,  1986. 

40.  Kim,  G.II.,  M.  Sarikaya  and  I.A.  Aksay,  “Characterization  and  Practography  of  B4C-AI  Alloy 
Cermet,"  presented  at  American  Ceramic  Society  39th  Pacific  Coast  Regional  Meeting,  Seattle,  WA, 
October  22-24,  1986. 

41.  Sarikaya,  M.  and  I.A.  Aksay,  "High  Resolution  Transmission,  electron  Microscopy  Investigation  of 
the  Interfaces  in  Ceramic-Metal  Composites,"  presented  at  American  Ceramic  Society  39th  Pacific 
Coast  Regional  Meeting,  Seattle,  WA,  October  22-24,  1986. 


7.2  Publications 

1.  Sarikaya,  \f.,  I.A.  Aksay,  and  G.  Thomas,  “High  Resolution  Microscope  Characterization  of  Interfaces 
in  Ceramics,"  Advance r  in  Materials  Characterization,  II.  fids.  R.I,.  Snyder,  R.A.  Condrate,  Sr.,  and 
P.F.  Johnson  (New  York:  Plenum  Publishing,  1985). 

2.  I  Ian.  C.,  I.A.  Aksay,  and  O.J.  Whittcmore,  “Characterization  of  Microstructural  Involution  by  Mercury 
Porosimetry,"  Advances  in  Materials  Characterization,  II.  p.ds.  R.I..  Snyder.  R.A.  Condrate,  Sr.,  and 
P.F.  Johnson  (New  York:  Plenum  Publishing,  1985). 

3.  Halverson,  D.,  A.J.  Pyzik,  and  I.A.  Aksay,  "Processing  and  Microstructural  Characterization  of 
B4C-AI  Cermet,"  Ceramic  Engineering  A  Science  Proceedings,  Vol.  6,  No.  7-8  (July  and  August,  1985). 

4.  Aksay,  I.A.,  "Fundamentals  of  Powder  Consolidation  in  Colloidal  Systems,”  in  Ceramics  Today  and 
Tomorrow,  Eds.  S.  Haka,  II.  Soga,  and  S.  Kuma,  Ceramic  Society  of  Japan,  Tokyo,  Japan,  (1986), 
pp.  71-85. 

5.  Shinohara,  N.,  I).M.  Dabbs,  and  I.A.  Aksay,  "Infrared  Transparent  Muillitc  Through  Dcnsification 
of  Monolithic  Gels  at  I250”C,"  SPIE  Infrared  and  Optical  Transmitting  Materials,  Vol.  683,  19-24 
(1986). 
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6.  Sarikaya,  M.  and  I. A.  Aksay.  “High  Resolution  TPM  Studies  of  Mullitc  Pormation  in  Mctakaolinitc." 
Proceedings  of  45th  Annual  Meeting  of  the  Electron  Microscopy  Society  of  America,  G.W.  Hailey,  cd., 
San  Prancisco  Press  ( 198t) 

7.  Sonuparlak,  B.,  M.  Sarikaya,  and  l.A.  Aksay,  "Spinel  Phase  Pormation  at  the  980°C  Exothermic 
Reaction  in  the  Kaolinite  to  Mullitc  Reaction  Scries."  ./.  Am.  Ceram.  Soc..„  to  be  published,  November 
(1987), 

8.  Shih,  W.,  l.A.  Aksay,  and  R.  Kikuchi,  "Phase  Diagrams  of  Charged  Colloidal  Particles,"  ,/.  Chem. 
Phys.  86 19|,  5127-32  (1987). 
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INTERACTIONS  BETWEEN  POLYELECTROLYTES 
AND  OXIDES  IN  AQUEOUS  SUSPENSIONS 


Joseph  Cesarano  III  and  Ilhan  .4.  Aksay 

Department  of  Materials  Science  and  Engineering 
University  of  Washington 
Seattle.  Washington  9S195 


Colloidal  stability  of  aqueous  a-A/jOj  suspensions  with  polymetnacryiic  and 
(PMAA  I  was  studied  in  the  pH  range  of  3  to  10.  Stability  is  related  to  Hie  aa*oro 
(ion  of  PMAA  on  n-Al^O^  as  controlled  by  the  chemistries  of  both  the  a-Al:0*. 
surface  and  the  PMAA.  The  adsorption  behavior  of  PMAA  on  o-AIjO j  «s  6<i' 
sicaily  *high  affinity "  (ype  near  and  below  the  zero  paint  of  charge  of  a-A/jO* 
(pH  3.7).  .4  stability  map  uas  determined  which  outltnes  the  critical  amount  of 
adsorbed  PM  A  A  required  to  achieve  aisperston. 


INTRODUCTION 

Polveleetrolytes  are  widely  used  in  industrial  applications  to  prepare  nighiy  concentrated 
(>  50  v  o)  ceramic  suspensions  which  are  subsequently  fabricated  into  dense  components 
by  sintering.  Although  a  variety  of  polvelectrolytes  are  commercially  available  and  are  used 
effectively  in  the  preparation  of  suspensions,  their  role  in  colloidal  stabilization  is  not  clearlv 
understood. 

In  this  paper,  we  aim  to  provide  a  clearer  understanding  of  particle  dispersion  w-ith  ad¬ 
sorbed  polyelectrolytes  and  relate  it  to  the  surface  chemistries  of  the  suspended  particles  and 
the  polyelectrolyte.  Aqueous  oxide  suspensions  will  be  considered  as  a  general  example.  The 
particular  emphasis  will  be  on  the  dispersion  of  a-A/?Oj  suspensions  with  polymelhacrylic 
acid  (PMAA). 


background  information 


(1)  Polyelectrolytes 

A  polyelectrolyte  is  a  polymer  that  contains  ionizable  functional  groups  which  are  capa- 
ble  of  dissociating  into  ionized  charged  sites.  A  lypiczl  polyelectrolyte  structure  is  shown  in 
Fig.  I.  In  general,  there  are  three  types  of  polyelectrolytes.  Anionic  polyelectrolytes  con¬ 
tain  acid  groups  which  can  ionize  to  form  negative  sites,  e  g.,  -COO'  or  -OSOj .  Cationic 


poly  electrolytes  contain  basic  groups  that  form  positive  sites,  eg..  -\H~  Pol  \  electrolytes 
which  have  both  acid  and  basic  groups  are  termed  poJ>  ampnofy  tes  ano  can  be  negatiielv  or 
positively  charged.  Since  poly  elect  roly  tes  are  ionic  in  nature  they  are  generally  water  soluDle 

In  aqueous  systems,  the  solution  behavior  and  the  extent  to  which  the  functional  groups 
dissociate  and  the  overall  charge  of  the  poiymer  are  dependent  on  the  surrounding  pH  and 
ionic  strength.  Using  polv  met  hacry  lie  acid  ( PM  AA )  as  an  example  |  Fig.  I ),  each  acid  group 
on  the  polymer  chain  will  have  us  own  effective  dissociation  constant  1^);  therefore,  the 
fraction  of  the  functional  groups  which  are  dissociated  (o)  will  be  dependent  on  the  fQ  values 
and  the  pH. 
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For  each  acid  group: 
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Fig.  1:  Structure  and  dissociation  reaction  for  polymethacryiic  acid  -  Na  salt. 


(2)  Surface  Charging  of  Oxides 

When  a  metal  oxide  powder  (i.e.,  AliOz)  is  placed  in  an  aqueous  medium,  surface  reactions 
take  place  until  equilibrium  is  established  between  the  solid  and  the  aqueous  medium.  This 
can  be  viewed  as  a  two  step  process:  formation  of  surface  hydroxyls  due  to  surface  hydration, 
followed  by  ionization  of  these  hydroxyl  groups  to  yield  a  positively  or  negatively  charged 
surface  depending  on  the  pH  of  the  solution.1 

Many  authors  have  modeled  the  dissociation  of  the  hydroxide  surface  to  yield  a  positively 
or  negatively  charged  surface.  The  common  explanatiun  is  that  the  surface  sites  ionize  to  form 
positive  and  negative  sites  and  the  resulting  sites  ther^  react  with  counterions  in  solution.1 
In  general,  the  dissociation  of  the  surface  hydroxyl  groups  is  represented  as: 


moh:  =  \ton*  -  h; 


K 


h; 

MOH. 


t 1 1 


\/o/r  a/o'  -  h; 


mo  H: 
~\Toh}  ~ 


CM 


where. 

.V/  is  a  surface  metal  ion  site 
\tOH°  is  a  neutral.  hydroxyUiea  surface  sue 
SiOH %  is  a  positive  surface  group 
\iO~  is  a  negative  surface  group 

H is  a  proton  located  at  the  surface,  and 
K |.2  Are  the  respective  equilibrium  reactions  constants. 

The  reactions  above  show  that  at  low  phi  values  the  reactions  win  proceed  to  the  left 
and  the  formation  of  positive  MOH~  surface  sites  wiii  be  dominant.  Similarly,  at  high  pH 
values  (low  concentration  of  //*  !  the  reactions  will  proceed  to  the  right  and  the  formation  of 
negative  \JO  '  surface  sites  wiii  be  dominant.  It  should  be  noted  that  at  any  given  pH  there 
are  equilibrium  concentrations  of  all  of  the  surface  species  tie..  MOHn.  MO 

For  example,  at  high  pH  values  tr.ere  are  mostly  \fO~  sites,  but  depending  on  tne  reaction 
constants  there  can  still  be  appreciable  concentrations  of  .MOH3  and  MOH  '  sues.  At  a 
characteristic  pH.  the  concentrations  oi  MOH 2  ana  MO  sites  wul  be  euuai  and  tne  overan 
net  surface  charge  will  be  zero.  This  characteristic  pH  for  a  given  material  is  termed  the  «ero 
point  ol  charge  |zpc)  for  that  material.  For  pH  'aiues  oeiow  the  ipc.  the  net  surface  charge 
is  positive  and  above  the  zpc  the  net  surface  charge  is  negative. 

fn  genera/,  the  characteristic  pH  for  the  rpc  lor  a  given  oxide  is  strongly  dependent  on  the 
relative  basic  and  acidic  properties  of  the  solid.  The  crystalline  lorm.  material  preparation, 
and  the  degree  of  surface  hydroxyiation  will  also  atiect  the  zpc  For  example,  tr.e  *pc  for 
.4/jOj  has  been  reported  to  be  from.  6.3  to  ‘I  S.1,  9 


(3)  Polyelectrolyte  Adsorption  Behavior 

When  charged  polymers  are  adsorbed  onto  oxides  to  cause  iloccuiation  or  stabilisation, 
it  is  generally  true  that  electrostatic  interaction  is  the  primary  adsorption  mechanism.  In 
other  words,  poiyelectroly  tes  adsorb  much  more  appreciably  when  oppositely  charged  to  tne 
solid  adsorbent.  When  the  polyelectrolyte  and  solid  are  similarly  charged,  some  adsorption 
can  still  occur,  but  this  adsorption  is  comparatively  low. 

Some  typical  examples  of  polyelectrolyte  adsorption  on  oxides  are  given  below.  In  the 
flotation  industry,  the  percent  recovery  of  a  mineral  is  related  to  how  efficiently  the  collector 
(anionic  or  Cationic  surfactant)  is  adsorbed.  As  shown  in  Fig.  2,  the  percent  recovery  (and 
adsorption  of  anionic  and  cationic  surfactants)  is  mainly  determined  by  the  surface  charge 
on  goethite  {H  FeOz).  Therefore.  pH  is  the  most  important  variable.  Below  pH  6.7  goethiie 
is  positively  charged  and  above  pH  6.7,  it  is  negatively  charged.  Therefore,  it  is  clearly 
shown  that  the  collector  must  be  anionic  when  the  solid  :s  positively  charged  and  catiomc 
when  the  solid  is  negatively  charged.  Flotation  ceases  at  pH  12.3  as  a  result  of  hydrolysis  of 
the  cationic  surfactant  at  such  a  high  pH.i0  Therefore,  it  can  be  concluded  that  the  basic 
adsorption  is  electrostatic  in  nature  and  involves  the  ionize?!  form  of  the  surfactant.  Modi  ana 
Fuerstenau11  have  shown  that  these  phenomena  hold  for  corundum  (A/jOj),  and  Iwasaxi. 
Cooke,  and  Choi12  have  shown  that  the  flotation  of  hematite  (FrjOi)  can  be  explained  t>v 
these  principles. 


Fig.  2:  The  oenendence  of  she  flotation  properties  of  goetnile  on  surface  charge  Upper 
curves  are  zeta  potential  as  a  function  of  pH  at  different  concentrations  of  sodium  rnionoe. 
|u«rr  curves  are  the  flotation  recovery  in  10  ' M  solutions  of  dodeo  .ammonium  tn. untie, 
sodium  dodeevi  sulfate.  or  M>dmm  dodeevi  sulfonate  f  rom  ref  9 


Gebharot  and  Fuerstenau*3  studied  the  adsorption  of  anionic  poivacrytic  acid  |P\Al  on 
rutile  {TiO?},  hematite,  and  silica  as  a  function  of  pH  The  amount  of  PA  A  adsorbed  on 
FejOj  is  shown  in  Fig.  3.  The  zpc  of  Fe;<J 3  occurs  at  pH  $3  and  the  adsorption  decreases 
to  near-zero  values  at  pH  values  above  8.3.  Similar  adsorption  behavior  was  found  for  fiOj 
which  has  a  zpc  of  6.3.  No  adsorption  in  the  pH  range  3-9  was  observed  for  silica  which  has  a 
xpe  at  approximately  pH  2-5.  In  conclusion,  for  PAA  adsorption  on  oxides  it  was  determined 
that  the  PAA  adsorption  plateau  level  decreases  with  increasing  pH  until  near-xero  values 
of  adsorption  occur  near  the  zpc  of  the  oxide  but  some  specific  adsorption  still  occurs  at  the 
zpc.  It  was  also  determined  that  positive  zeta  potentials  are  reversed  to  negative  as  PAA  is 
adsorbed. 

Lopatin14  found  similar  behavior  when  poly methacry lie  acid  (PMAA)  was  adsorbed  onto 
anatase  |  TiO:).  U  was  suggested  that  the  adsorbed  molecules  form  a  monolayer  of  interpen¬ 
etrating  coils  and  that  electrostatic  bonding  to  anatase,  which  is  positively  charged  on  the 
acid  side  of  an  isoelectric  zone  between  pH  4  and  6.  is'lhe  primary  mechanism  for  adsorption 
at  pH  values  from  2  to  4.  Below  pH  2.  entropy  effects  and  hydrogen  bonding  may  be  the 
dominant  factors;  above  pH  4,  adsorption  falls  rapidly  to  zero. 
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Fig.  3:  Amount  of  PA  A  I  MW  2  *  10*)  adsorbed  on  hematite  as  a  function 
of  equilibrium  PAA  concentration  for  various  pH  values.  From  ref.  13  . 


EXPERIMENTAL  MATERIALS  AND  METHODS 

In  order  to  more  clearly  unify  the  concepts  prev.ously  discussed  for  a  working  system, 
some  experiments  were  conducted  using  poiymethacry  lie  acid  as  the  poly  electrolyte  and  a- 
Al;0 }  as  the  colloidal  powder. 


(1)  Materials  and  Chemicals 

The  Vo”  salt  of  poly methacry lie  acid  (PMAA-NaP  used  had  an  average  moiecular 
weight  of  15.000  (Fig.  1).  The  alumina  powaer  used  was  a  very  high  purity  a-A/jOj.*  The 
average  particle  diameter  was  0.37  (jrn  and  the  surface  area  was  5.9  mv  g. 

The  water  used  was  distilled  and  deioniied.  Adjustments  of  pH  were  completed  with 
analytical  grade  HCt  and  SaOH  solutions  and  ionic  strength  was  adjusted  with  SaCl  as 
desired. 


(2)  Potentiometric  Titrations 

To  measure  the  fraction  of  dissociated  COOH  groups  (o)  versus  pH  for  PMA  V-Na  and 
the  surface  charge  (<r)  versus  pH  for  A/jO  1,  potentiometric  titrations  of  the  control  elec¬ 
trolytes  were  compared  to  titrations  of  the  samples.* 


'Polyaciencea.  Inc  .  Pitttburgh.  PA.  9 

fS*i auiomo  Chemical  Amenta.  Inc..  .Sew  York.  NY  (AKP-30.  >  99.99*J  pure). 

'Radiometer  TRSI2J  automatic  titration  unit.  Radiometer.  Copenhagen.  Denmark. 


This  procedure  of  using  potentiometric  titrations  to  determine  surface  chemistries  is 
clearly  outlined  by  Hunter. lS  Titrations  are  completed  on  a  blank  electrolyte  solution  and 
electrolyte  solution  with  a  known  amount  of  sample.  The  difference  between  the  amounts  of 
titrant  added  to  obtain  a  certain  pH  is  the  amount  of  tilrant  that  reacted  with  the  sample. 
With  this  information  both  the  fraction  of  functional  groups  dissociated  on  polymers  and  the 
surface  charge  on  ceramic  powders  can  be  easily  calculated. 

The  titrations  were  completed  in  a  nitrogen  atmosphere  and  in  each  case  -40  ml  samples 
had  known  but  small  volumes  of  PMAA-Na  (<  0.1  g)  and  A/;Oj  (<  2  voi  °c)  and  when 
necessary  NaCl  solutions  were  used  to  adjust  ionic  strengtn.  Prior  to  titration,  the  A/jOj 
powder  was  cleaned  to  remove  soluble  ions  using  soxhlet  extraction.  With  this  technique  the 
powder  is  continuously  washed  with  freshly  distilled  water. 


(3)  Adsorption  Isotherms 

The  adsorption  of  PMAA-Na  on  a-alumina  was  also  determined  using  the  titration  unit. 
Suspensions  of  20  vol  (*o  Al?Oi  were  preparea  with  various  amounts  of  PMAA  at  various 
pH  values.  The  samples  were  then  put  into  a  gentle  mecnamcai  shaker  for  approximately  24 
hours  and  then  centrifuged  for  45  minutes  at  2000  RPM.  A  known  amount  of  suDerr.ai.ani 
was  then  analyred  by  titration  to  determine  the  amount  of  PMAA  left  in  solution. 


(4)  Settling  and  Zeta  Potential  Experiments 

Settling  experiments  were  completed  with  2  vol  ^  A/jO?  suspensions.  Various  amounts 
of  PMAA-Na  were  added  to  the  suspensions  and  were  tnen  uitrasonicated  and  magneticaily 
stirred  for  at  least  4  hours.  Suspensions  were  then  poured  into  graduated  cylinders  and  after 
several  days  the  final  sedimentation  cake  heights  were  recorded. 

Zeta  potential  measurements  of  each  sample  described  above  were  completed  with  a 
Micro-Electrophoresis  Apparatus.'  These  measurements  can  only  be  completed  on  very  di¬ 
lute  suspensions.  Therefore,  it  was  very  important  that  the  2  vol  %  A/jO 3  samples  were 
centrifuged  and  the  supernatant  carefully  decanted  into  a  beaker.  Then  a  portion  of  the 
sediment  was  remixed  with  the  supernatant.  Prior  to  taking  the  measurements  the  new  di¬ 
lute  suspensions  were  very  briefly  uitrasonicated  and  magnetically  stirred  for  15  minutes  to 
ensure  that  only  singlet  particles  were  measured.  At  least  ten  measurements  were  completed 
for  each  sample  to  ensure  accuracy. 


(S)  Viscosity  Measurements 

Viscosity  measurements  of  the  suspensions  were  done  with  a  rotary  viscometer.* 


*  Rank  Brothers.  Botiuharo.  Cambridge.  England. 
'Brookfield  Engineering  Laboratories.  Inc  .  Stoughton.  MA. 
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EXPERIMENTAL  RESULTS  AND  DISCUSSION 
(1)  Surface  Chemistry  of  PMAA«Na  and  a-.4/:07 

The  polyelectrolvte  poly methacry lie  acid-.Va"  salt  (PMAA-Na)  (Fig.  1),  with  an  average 
molecular  weight  of  15.000.  has  approximately  138  available  carboxylic  acid  sites  or  functional 
groups  per  molecule.  Depending  on  the  solvent  conditions  li  e..  pH  and  ionic  strength),  the 
fraction  of  functional  groups  which  are  dissociated  (i.e..  COO~)  and  those  which  are  non- 
dissociated  (i.e..  COOH )  will  vary.  As  the  fraction  dissociated  (a)  increases  from  0  to 
—  1.0.  the  polymer  surface  charge  varies  from  relatively  neutral  to  highly  negative.  Therefore, 
the  behavior  of  the  polymer  in  solution  is  also  dependent  on  the  solvent  conditions.  Fig.  4 
shows  the  fraction  of  dissociated  acid  groups  as  a  function  of  pH  and  background  SaCl 
concentration.  As  the  pH  and  salt  concentration  increase,  the  dissociation  and  negative 
charge  characteristics  of  the  polymer  increases. 

Fig.  4  shows  that  at  pH  values  of  >  8.5  the  PMAA  is  effectively  totailv  negative  with 
a  —  l.  In  this  condition,  experimental  evidence  snows  that  the  PMAA  molecules  are  in  the 
form  of  relatively  large  expanded  random  coils  in  solution.16  This  results  from  electrostatic 
repulsion  between  the  negatively  charged  surface  sites.  As  pH  is  decreased  the  number  of 
negatively  charged  sites  aiso  continually  decreases  until  the  PMAA  is  effectively  neutral  near 
pH  3.4  and  a  —  0.  In  this  condition  tne  PMAA  chains  approach  insolubility  and  form 
relatively  small  coils  or  clumps.*6 

A  plausible  explanation  for  the  role  of  salt  concentration  on  the  degree  of  dissociation  is 
that  the  presence  of  salt  results  in  electrostatic  shieiding  between  negatively  enarged  sues  on 
the  PMAA  and  this  causes  a  decrease  in  the  prooabiiitv  of  having  non-dissociated  acid  groups 
(i.e.,  COOH)  as  explained  below.  At  a  given  pH.  the  system  is  in  a  dynamic  equilibrium 
state  where  any  given  acid  group  is  part  of  the  time  dissociated  and  part  of  the  time  non- 
dissociated  but  the  overall  fraction  dissociated  remains  constant.  I'pon  an  increase  in  sail 
concentration,  the  probability  of  COO~  groups  oemg  stable  wun  surrounding  .Vo'  ions  m 
close  proximity  increases  and  therefore  the  proDaoiiiiv  of  /f70*  ions  reacting  with  available 
COO~  groups  to  form  COOH  decreases.  Therefore,  upon  dissociation,  it  is  more  difficult  for 

•  COO~  groups  to  reform  to  COO H  and  the  dynamic  equilibrium  is  shifted  to  a  higher  fraction 

of  dissociation.  Similarly,  sail  decreases  the  activity  of  /f70~  *hicn  shifts  the  equilibrium 
towards  more  dissociation  as  shown  in  Fig.  1. 

Fig.  5  shows  a  measure  of  the  relative  charge  density  on  the  surface  of  the  ,4/;Oi 
particles  as  a  function  of  pH .  At  every  pH ,  there  is  a  iarge  number  of  positive,  neutral,  ana 
negative  sues.  The  o  value  gives  the  overall  net  charge  density.  At  the  zpc,  the  number 

*  of  positive  sices  equals  the  number  of  negative  sites  and  the  net  charge  equals  zero.  For 

a-AijOj,  the  zpc  is  at  approximately  pH  8.7.  Doth  o  values  and  the  zpc  are  in  very  close 
agreement  to  that  of  Hasz.lT 

In  Fig.  5  a  comparison  with  Fig.  4  indicates  that  there  should  be  a  great  deal  of 
electrostatic  attraction  between  the  negatively  charged  polymer  and  the  positively  charged 
f  /W;Oy  particularly  in  the  pH  range  from  3.5  to  s.7.  This  will  be  related  to  adsorption  below 


(2)  Adsorption  of  PMAA-Na  oq  q-A/;03 

Fig.  6  shows  the  resulting  adsorption  for  various  pH  values  plotted  as  mg  PMAA  adsorbed 
per  m*  surface  area  of  .4/:07  versus  the  initial  amount  of  PMAA-Na  added  (on  a  dry  weignt 
basis  of  A/jOi).  The  solid  diagonal  line  represents  the  adsorption  behavior  that  would  occur 
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surface  charge,  <r  (/icoul/cm2) 


Fig.  4:  Fraction  of  acid  groups  dissociated  versus  pH  as  a  function  of  sail 
concentration  for  po!ymethacr>  lie  acid-Na  salt.  MW  15000. 


Fig.  5:  The  relative  surface  charge  versus  pH  for  Sumitomo  A K P-30  a 
M:0 3  with  an  insert  of  Fig.  4. 


Fig.  6:  The  amount  ot"  poly  met  hacry  lie  acid-Na  salt  adsorbed  on  Sumitomo 
AKP  30  a-.-AM),  .is  a  function  of  initial  PMAA-Na  added. 


if  100%  of  the  PMAA  added  were  to  adsoro. 

It  is  clearly  shown  that  the  amount  adsorbed  increases  greatly  with  decreasing  pH.  This 
is  in  agreement  with  recent  polyelectrolyte  adsorption  theory  developed  by  Van  der  Scnee 
el  al. 18,19  as  explained  below.  For  pH  values  above  the  zpc.  a  is  approximately  1  and  the 
negatively  charged  sites  on  the  polyeiectroiyte  chains  tend  to  repel  each  other.  This  repulsion 
suppresses  the  formation  of  loops  in  the  adsorbed  conformation.  Consequently,  the  potveiec- 
trolyte  chains  adsorb  in  a  relatively  flat  conformation  with  each  chain  covering  a  relatively 
large  amount  of  surface  are*,  it  should  be  noted  that  there  still  can  be  polyeiectroiyte  tails 
extending  into  solution  even  though  the  formation  of  loops  is  inhibited.  The  determined 
values  for  polyeiectroiyte  adsorption  in  this  configuration  were  on  the  order  of  a  few  tenths 
of  a  mg/m2.  As  the  pH  is  decreased  and  a  approaches  0  (Fig.  4),  the  polyeiectroiyte  chains 
become  uncharged  and  the  formation  of  loops  in  the  adsorbed  configurations  is  enhanced. 
Thus,  the  covered  surface  area  per  adsorbed  chain  is  relatively  small,  and  it  takes  more  ad¬ 
sorbed  chains  to  form  a  saturated  monolayer.  Commonly  measured  values  of  this  type  of 
adsorption  are  a  few  mg/m :  which  is  in  agreement  with  the  experimental  results. :0 

Fig.  6  also  shows  that  there  is  a  difference  between  the  adsorption  behavior  above  the 
zpc  and  below  the  zpc.  For  pH  9.8,  there  is  a  gradual  attainment  to  the  saturated  adsorption 
plateau:  but.  at  pH  8.2  and  below  plateau  adsorption  is  reached  without  having  any  appre* 
ciable  PMAA  left  in  solution.  Therefore,  it  is  concluded  that  at  pH  values  near  and  beiow 
the  zpc.  the  adsorption  behavior  is  basically  ‘high  affinity"  type  adsorption  where  practically 
all  of  the  PMAA  which  is  added  adsorbs  on  the  surface  and  follows  the  100%  line  until  a 


saturation  plateau  level  is  reached.  Only  after  that  limit  does  non-adsorbed  PMAA  become 
appreciably  present  in  solution.  This  also  agrees  with  adsorption  theory  when  there  is  an 
added  electrostatic  influence  for  adsorption  and  a  negative  or  partly  negative  pol> electrolyte 
adsorbs  on  a  positively  charged  surface.19  Above  the  zoc.  due  to  similar  net  cnarges.  a  barrier 
for  adsorption  exists,  so  that  in  order  to  adsorb  appreciable  amounts  of  PMAA  there  has 
to  be  a  corresponding  equilibrium  concentration  of  PMAA  in  solution.  Adsorption  in  this 
region  is  due  to  the  presence  of  positive  surface  sues  even  though  the  net  surface  charge  is 
negative. 

Fig.  6  also  snows  that  the  presence  of  background  salt  can  slightly  increase  the  adsorp¬ 
tion.  This  occurs  because  the  background  salt  has  an  electrostatic  shielding  effect  between 
negatively  charged  sites  on  the  PMAA  thereby  causing  the  chains  to  behave  more  like  un¬ 
charged  polymers  and  enhancing  the  development  of  loops.  This  type  of  behavior  is  commonly 
observed  in  many  systems  and  is  in  agreement  with  adsorption  theory- 19  ,9  It  should  also 
be  noted  that  even  with  0.1  M  XaCl  concentrations  stable  suspensions  are  achieve^  after 
saturation  adsorption  occurred. 

The  degree  of  reversibility  of  this  system  is  indicated  by  the  Y  and  ♦  points  in  Fig.  o. 
At  these  points,  the  suspensions  were  made  at  the  initial  pH  values  indicated  ano  shaken  for 
4  hours.  The  suspensions  were  then  adjusted  to  the  indicated  pH  values  and  shaken  for  20 
or  more  hours  before  an  analysis  was  completed.  The  system  which  is  initially  at  pH  9.9  and 
then  adjusted  to  pH  8.1  adsoros  a  final  amount  which  is  consistent  with  wnat  is  expected 
if  the  initial  pH  is  already  8.1.  This  is  expected  since  at  pH  9.9  there  is  appreciate  non- 
adsorbed  PMAA  in  solution  which  could  be  easily  adsorbed  once  the  pH  is  lowered.  A  change 
in  the  configuration  of  the  adsorbed  PMAA  may  occur  but  there  are  no  observable  changes 
in  the  suspension  behavior.  On  the  other  hand,  when  the  initial  pH  is  8.0  and  then  adjusted 
to  9.6,  total  reversibility  is  not  observed  but  only  pare  of  the  expected  PMAA  desoros.  This 
shows  that  the  PMAA  is  relatively  strongly  held  on  the  At->0 *  surface.  It  also  shows  that 
with  time  most  of  the  PMAA  can  desorb,  at  least  for  pH  values  near  and  above  the  zpc. 


(3)  Consolidated  State 

The  effect  of  incomplete  adsorption  and  flocculation  on  the  consolidated  state  was  deter¬ 
mined  by  sedimentation  and  centrifugation  experiments.  Fig.  7(a)  shows  that  trace  amounts 
of  PMAA-Na  (<  0.25  °c)  induces  flocculation  and  large  sedimentation  volumes.  This  re¬ 
sults  because  the  binding  energy  between  the  particles  is  high  and  the  particle  clusters  that 
form  during  consolidation  behave  as  rigid  flow  units  and  do  not  pack  densely.:i  In  contrast, 
at  concentration  levels  of  approximately  0.35-0.5^  PMAA-Na,  the  binding  energy  between 
particles  is  low  and  the  particle  clusters  display  relatively  denser  packing  structure.31 

These  data  are  also  correlated  with  the  zeta  potential  measurements  for  the  same  systems. 
Fig-  7(b)  shows  that  with  increasing  polymer  content,  the  zeta  potential  decreases  to  zero 
and  then  reverses  sign.  Above  0.5^  polymer,  the  zeta  potential  approaches  a  nearly  constant 
value.  This  is  due  to  saturated  monolayer  adsorption  of  the  anionic  polyelectrolvte. 

If  one  correlates  the  data  from  Figs.  7(a)  and  (b)  it  can  be  concluded  that  with  small  ad¬ 
ditions  of  PMAA-Na  (i.e..  <  0.1^)  there  is  charge  neutralization  and  subsequent  flocculation. 
In  this  region  flocculation  is  mainly  due  to  electrostatic  patch  model  flocculation  wherebv 
flocculation  takes  place  because  negatively  charged  patches  due  to  the  adsorbed  polveiec* 
trolyte  are  attracted  to  positively  charged  patches  of  surface  on  other  particles.  When  the 
molecular  weight  is  relatively  low  then  maximum  flocculation  occurs  when  the  zeta  potential 
is  approximately  zero.  This  type  of  behavior  is  discussed  by  Bleier  and  Goddard;:.  In  the 


Fig.  7:  (a)  Sedimentation  height  and  (b)  zeta  potential  versus  percent  poly- 
methacrylic  acid*.\a  (MW  —  15.000)  for  2  vol  ^  suspensions  of  Sumitomo 
AKP  30  a-Al20 3. 


range  0. 1  to  0.3^c  PM  AA-Na.  flocculation  is  due  to  a  combination  of  two  effects:  ( 1 )  the  zeta 
potential  is  relatively  low  jn  magnitude,  and  (2)  incomplete  adsorption  results  in  polymer 
bridging  where  two  or  more  particles  can  be  mutually  adsorbed  by  polymer  chains. 

It  can  also  be  concluded  that  the  PMAA  results  in  more  efficient  consolidation.  Upon 
settling,  the  pure  A/jOj  case  (0?o  polymer)  shows  a  larger  sediment  volume  than  the  system 
with  0.4?fc  polymer  added  even  though  the  zeta  potentials  are  -48  mV  and  -33  mV,  respec¬ 
tively.  The  stability  determined  by  settling  rates  and  sedimentation  heights  do  not  appear  to 
be  equal  until  zeta  potentials  of  >  58  mV  are  reached  for  the  pure  Al202  suspensions.  This 
means  that  the  increased  stability  and  dispersion  of  the  0.4^  polymer  system  may  be  due  to 
an  enthalpic  steric  stabilization  interaction  in  combination  with  the  repulsion  effect  due  to 
electrostatics.  These  mechanisms  together  can  be  termed  electrosleric. 

From  these  results  some  preliminary  conclusions  can  be  made:  (1)  only  very  minute 
amounts  of  PMAA-Na  are  necessary  to  flocculate  A/j03  Suspensions,  (2)  a  critical  amount 
of  PMAA-Na  is  needed  before  stabilization  occurs,  and  (3)  PMAA-Na  does  indeed  provide 
an  enhanced  stabilization  effect. 


Fig.  8:  A  stability  mao  '.ho* in®  the  amount  of  adsorbed  PMAA-Na  re¬ 
quired  to  form  stable  suspensions  of  Sumitomo  AKP  30  a-.-U-Oj  as  a  func¬ 
tion  of  pH . 

(4)  Stability  Map  for  PMAA-Na/.W:Oj  System 

With  the  above  information  and  the  adsorption  data  in  Fig.  6  a  stability  map  was  con¬ 
structed  and  is  shown  in  Fig.  8. 

Fig.  8  is  a  plot  of  the  amount  of  PM  A  A  adsorbed  at  the  plateau  levels  versus  pH.  In 
other  words,  for  any  pH  near  and  below  the  zpc,  it  is  a  measure  of  the  amount  of  PM  A  A 
which  must  be  adsorbed  to  achieve  a  stable  suspension.  Regions  above  the  curve  are  -table 
and  dispersed.  Regions  below  the  curve  are  unstable  and  show  an  onset  to  flocculation.  The 
reason  for  the  assumed  steep  decrease  in  adsorption  at  pH  3.3  is  because  of  observed  viscosity 
decreases.  For  example,  as  pH  is  decreased  on  samples  which  are  initially  stable,  the  viscosity 
noticeably  increases  when  crossing  the  stability,  instability  boundary  region.  This  is  expected 
since  at  those  lower  pH  values,  it  takes  more  PMAA  to  maintain  a  stable  suspension  and 
these  suspensions  are  below  that  critical  level.  This  is  the  same  as  moving  to  the  left  from  a 
stable  region  on  Fig.  8  and  entering  the  unstable  region.  Once  the  pH  is  decreased  further 
to  pH  3.3,  deflocculation  reoccurs  and  viscosity  sharply  decreases  and  approaches  that  of  a 
system  stabilized  at  pH  3.3  without  any  PMAA  present.  Since  at  pH  3.3  A/;Oj  is  stable 
without  the  presence  of  PMAA  due  solely  to  electrostatic  interactions,  it  is  believed  that 
there  are  a  combination  of  two  possible  mechanisms  for  the  observed  restabilization  of  .4/;Oj 
below  pH  3.3  in  the  presence  of  PMAA.  One  explanation  is  that  below  pH  3.3  the  PMAA 
sufficiently  desorbs  since  this  is  also  the  pH  at  whic^  the  PMAA  loses  its  negative  charge 
and  approaches  that  of  a  neutral  polymer  thereby  losing  a  strong  driving  force  for  adsorption 
(Fig.  4)  and  losing  its  solubility.  Concurrently,  some  PMAA  may  still  be  adsorbed  but 
the  effectively  neutral  polymer  layer  may  be  small  enough  so  that  the  electric  double  layer 
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Tabic  1:  Rheology  data  at  various  pH's  for 
20  v  o  A K P-30  suspensions  with  0.312‘*<(dwb) 
of  PM  A  A-  Na  MW  15.000. 


pH 

Of  cp/  at  lO  HHM 

5.2 

1650 

‘  7.4 

<  10 

1  8.7 

<  10 

9.3 

<  10  j 

9.8 

<  10  I 

10.2 

<  10 

(formed  by  the  highly  positive  AljOj  surface)  may  extend  past  the  polymer  layer.  In  this 
wav,  electrostatic  stabilization  due  to  electric  double  layer  interactions  can  still  occur. 

Table  1  illustrates  the  transition  from  stability  to  mstabdity  based  on  viscositv  mea* 
surements.  A  series  of  samples  with  0.3  2  L’T  PM  A  A  were  prepared  at  various  pH  values. 
Viscosities  above  pH  7  are  <  10  cp  while  the  viscosity  at  pH  5.2  is  more  than  two  orders  of 
magnitude  greater,  indicating  doccuiation.  This  is  in  agreement  witn  Fig.  8  which  shows  a 
stability  instability  transition  at  •>-  pH  7  for  0.312Vc  PMAA. 


CONCLUSIONS 

1.  The  adsorption  behavior  of  polv methacrviic  acid  on  alumina  is  very  much  dependent 
on  solvent  conditions  ana  the  surface  charge  characteristics  of  the  PMAA  and  MzOy. 
as  pH  is  decreased  the  adsorption  of  PMAA  increases  until  insolubility  and  charge 
neutralization  of  the  PMAA  is  approacned;  for  pH  values  near  and  below  the  zero  point 
of  charge  for  AhO 3,  there  is  an  added  electrostatic  attractive  potential  for  adsorption 
which  results  in  a  high  amr-.-.y  type  adsorption  behavior. 

2.  For  pH  values  near  and  below  the  zpc.  PMAA  induces  flocculation  until  an  adsorption 
saturation  limit  is  reacned  and  the  binding  energy  between  particles  is  reduced  beiow 
a  critical  level. 

3.  Once  saturation  adsorption  occurs  and  stability  is  achieved,  the  PMAA  induced  stabi* 
lization  shows  an  enhanced  stability  as  compared  to  suspensions  stabilized  electrostat¬ 
ically  without  the  presence  of  polyelectrolytes. 

4.  The  stability  map  introduced  here  can  be  a  useful  processing  tool  for  tailormaking 
suspensions  with  varying  amounts  of  polymer  from  low  to  high  pH's  depending  on  the 
desired  properties. 


ACKNOWLEDGEMENTS 

The  authors  gratefully  acknowledge  the  contributions  of  Dr.  Alan  LMeier  who  directed 
part  of  the  work  at  the  Oak  Ridge  .National  Laboratory  and  Prof.  Har.s  Lyklema  whose 
insight  and  discussion  were  very  helpful.  This  research  was  sponsored  by  the  Advanced 
Research  Projects  Agency  of  the  Department  of  Defenseand  was  monitored  by  the  Air  Force 
Office  of  Scientific  Research  under  Grant  No.  AFOSR-83-0375. 


REFERENCES 


1.  P.  L.  de  Bruyn  and  G.  E.  Agar.  'Surface  Chemistry  of  Flotation.”  in  froth  Flotation 
50th  Anniversary  Volume.  D.  W.  Fuerstenau.  ed..  The  American  Institute  of  Mining 
Metallurgical,  and  Petroleum  Engineers.  Inc..  (1962)  p.  91. 

2.  S.  Voyutsky,  Colloid  Chemistry  (Translated  from  Russian  by  N.  Bobrov).  MIR  Pub¬ 
lishers.  Moscow  (197$). 

3.  \V.  J.  Wnek  and  R.  Davies.  J.  Colloid  Interface  Sci.,  60  361  (1977). 

4.  R.  J.  Hunter.  J.  Colloid  Interface  Sci..  37  564  (1971). 

5.  D.  E.  Yates.  S.  Levine,  and  T.  W.  Healy.  Trans.  Faraday  Soc.,  70  1807  (1971). 

6.  G.  A.  Parks  and  P.  L.  de  Bruyn.  J.  Phys.  Coll.  Chem..  66  967  (1962). 

7.  G.  A.  Parks.  Chem.  Rev.,  65  177  (1065). 

8.  M.  Robinson.  J.  A.  Pask.  and  D.  \V.  Fuerstenau.  J.  Am.  Ceram,  Sue.,  47  .716  (19641. 

9.  I.  Awasaki.  S.  R.  B.  Cooke,  and  A.  F.  Colombo.  ‘Flotation  Characteristics  of  Goethite.' 
U.S.  Bur.  Mines.  Rep.  Invest.  5593  1 1960). 

10.  F.  F.  Apian  and  D.  W.  Fuerstenau,  "Principles  of  Nonmetailic  Mineral  Flotation.” 
in  Froth  Flotation  50th  Anniversary  Volume.  D.W.  Fuersirnau.  ea..  The  American 
Institute  of  Mining.  Metallurgical,  and  Petroleum  Engineers.  Inc..  (19621  p.  170. 

11.  H.  J.  Modi  and  D.  W.  Fuerstenau.  A1ME  Trans.,  217  3*1  (1960). 

12.  I.  Iwasaki.  5.  R.  B.  Cooke,  and  H.  S.  Choi.  A IM E  Trans..  217  237  (1960). 

13.  J.  E.  Gebhardt  and  D.  W.  Fuerstenau.  “Adsorption  of  Poivacn  iic  Acid  at  Oxide/  Water 
Interfaces.'  in  Colloids  and  surfaces.  Elsevier  Scientific  Publishing  Co..  Amsterdam. 
(1983)  p.  221. 

14.  G.  Lopatin.  “The  Adsorption  of  Polymethacrylic  Acid  from  Solution.'  Ph.D.  Thesis. 
Polytechnic  Institute  of  Brooklyn  (1961). 

15.  R.  J.  Hunter.  Zeta  Potential  in  Colloid  Science  •  Principles  and  Applications .  Academic 
Press.  .New  York  (1981). 

16.  R.  Arnold  and  J.  Th.  G.  Overbeek,  Recueii.  69  192  (1950). 

17.  W.  C.  Hasz.  “Surface  Reactions  and  Electrical  Double  Layer  Properties  of  Ceramic  Ox¬ 
ides  in  Aqueous  Solution,"  M.S.  Thesis,  Massachusetts  Institute  of  Technology  (1983). 

18.  H.  A.  Van  der  Schee  and  J.  Lyklema.  J.  Phys.  Chem.  88  6661  (1984). 

19.  J.  Papenhuijzen,  H.  A.  Van  der  Schee,  and  G.  J.  Fleer.  J.  Colloid  Interface  Sci.,  104 
540  (1985). 

20.  G.  J.  Fleer  and  J.  Lyklema.  in  Adsorption  from  Solution  at  the  Solid/  Liquid  Interface 
G.  D.  Parfitt  and  C.  H.  Rochester,  eds.,  p.  153.  Academic  Press,  New  York  (1983). 

21.  I.  A.  Aksay  and  R.  Kikuchi,  “Structures  of  Colloidal  Solids."  in  I’itrastrucfure  Process - 
mq  of  Ceramics,  Classes,  and  Composites  It,  L.  L.  Bench  and  D.  R.  Ulrich,  eds.,  Wiley 
k  Sons.  New  York  (1966). 

22.  A.  Bleier  and  E.  D.  Goddard,  Colloids  and  Surfaces ,  1  407  (1980). 


APPENDIX  II 

Stability  of  Aqueous  (1-AI2O3  Suspensions  with 
Polymethacrylic  Acid  Polyelectrolytes 

(Cesarano,  Aksay,  and  Bleier  1987) 


STABILITY  OF  AQUEOUS  Ct-Al203  SUSPENSIONS 
WITH  POLYMETHACRYLIC  ACID  (PKAA)  POLYELECTROLYTE 


Joseph  Cesarano  III  and  Ilhan  A.  Aksay 

Department  of  Materials  Science  and  Engineering 
College  of  Engineering 
University  of  Washington 
Seattle,  Washington  98195 


Alan  Bleier 

Metals  and  Ceramics  Division 
Oak  Ridge  National  Laboratory 
Oak  Ridge,  Tennessee  37831 


Submitted  to 

The  Journal  of  the  American  Ceramic  Society 


March  25.  1987 


STABILITY  OF  AQUEOUS  a-AljO-j  SUSPENSIONS 
WITH  POLYMETHACRYLIC  ACID  (PMAA)  POLYELECTROLYTE* 


Joseph  Cesarano  III  and  Ilhan  A.  Aksay 


Department  of  Materials  Science  and  Engineering 
College  of  Engineering 
University  of  Washington 
Seattle,  Washington  98195 


Alan  Bleier 

Metals  and  Ceramics  Division 
Oak  Ridge  National  Laboratory** 
Oak  Ridge,  Tennessee  37831 


March  25,  1987 

ABSTRACT 


Stability  of  aqueoua  a-zlljOj  suspensions  with  Na+  salt  of  polymeth- 
acrylic  acid  (PMAA-ila)  polyelectrolyte  was  studied  as  a  function  of 
pH.  At  a  given  pH,  the  transition  from  flocculated  to  the  dispersed 
state  corresponded  to  the  adsorption  saturation  limit  of  the  powders 
by  the  PMAA.  As  pH  was  decreased ,  the  adsorption  saturation  limit 
increased  until  insolubility  and  charge  neutralization  of  the  PMAA  was 
approached.  The  critical  amount  of  PMAA  required  to  achieve  stability 
is  outlined  in  a  stability  map. 


*  Presented  at  the  87th  Annual  Meeting  of  the  American  Ceramic 
Society,  Cincinnati,  OH.  May  7,  19B5  (095-B-85). 

**  Operated  by  Martin  Marietta  Energy  Systems,  Inc.,  for  the  U.S. 
Department  of  Energy. 
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I.  INTRODUCTION 


For  many  applications  in  ceramic  processing  it  is  desirable  to  sinter 
at  relatively  low  temperatures  and  to  obtain  fully  dense  and  fine  grain 
microstructures.  One  method  by  which  these  goals  can  be  accomplished  is 
by  using  submicron  size  particles.  In  order  to  achieve  a  uniformly  conso¬ 
lidated  compact,  it  is  also  advantageous  to  use  dispersed  colloidal  sus¬ 
pensions  which  contain  upwards  of  50  vol  5  solids  while  still  maintaining 
relatively  low  viscosities  of  less  than  1  Pa-s. 

In  general,  suspensions  can  be  dispersed  by  electrostatic,  steric,  or 
electrosteric  stabilization  mechanisms.^  Electrostatic  stabilization  is 
accomplished  by  generating  a  common  surrace  charge  on  the  particles. 

Steric  and  electrosteric  stabilization,  on  the  other  hand,  are  achieved  by 
adsorption  of  polymeric  additives  which  serve  to  form  'protective 
colloids ' . 

The  main  problems,  related  to  ceramic  processing,  that  were  found  to 
exist  in  electrostatically  stabilized  systems  derive  from  aging  effects 
and  complications  of  processing  multiphase  systems.  The  aging  effects 
are  commonly  due  to  the  solubility  of  particles  in  the  suspending  medium. 
For  instance,  in  the  case  of  suspensions  prepared  with  H-,0  under  acidic  or 
basic  conditions,  pH  changes  with  time  due  to  the  solubility  of  the 
2 

particles.  These  pH  changes  car.  drastically  influence  rheology  and 
suspension  behavior,  sometimes  within  a  relatively  short  time  frame  of 
minutes  to  hours.  A  second  problem  with  electrostatically  stabilizing 
suspensions  which  have  more  than  one  phase  is  that  it  is  difficult,  if  not 
impossible,  to  find  a  pH  range  in  which  all  of  the  particles  have  a 
substantial  surface  charge  of  the  same  sign  so  that  irreversible  agglome¬ 
ration  is  prevented.^  In  general,  ceramic  suspensions  can  be  stabilized 
electrostatically;  but,  improvement  of  the  suspensions  to  better  meet  the 
requirements  necessary  for  ceramic  processing  is  possible  by  incorporating 
polymeric  additions. 

Industrial  experience  shows,  for  instance,  that  bv  using  polyelectro¬ 
lytes  as  dispersants  or  def locculants,  in  highly  concentrated  oxide 
suspensions,  problems  related  to  high  viscosity,  aging,  and  processing  of 
multiphase  systems  can  be  drastically  reduced  and  that  suspensions  with 
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adequate  fluidity  can  be  prepared.^*  However,  in  spite  of  these  advantages 
to  using  polyelectrolytes  to  stabilize  suspensions,  a  great  deal  of  mis¬ 
understanding  exists  in  the  general  ceramic  community  as  to  the  funda¬ 
mental  roles  of  these  polymeric  additives.  Thus,  this  investigation  was 
designed  to  elucidate  the  mechanisms  of  polyelectrolyte  stabilization  and 
to  relate  them  to  the  chemistry  of  the  powder  surface  and  the  polymer 
additive.  An  aqueous  a-AljC^  system  with  polymethacrylic  acid  (PMAA)  was 
chosen  as  the  model. 


II.  MATERIALS  AMD  EXPERIMENTAL  METHODS 

1 .  Materials  and  Chemicals 

The  ceramic  used  in  this  study  was  of  very  high  purity  (>  99.995  £), 
submicron  size,  and  relatively  monodispersed  (0. 2-1.0  urn)  a-Al->0-.  powder* 
The  average  diameter  measured  by  an  x-ray  absorption/sedimentation 
technique7  was  0.37  um.  The  average  surface  area  as  measured  by  standard 
B.E.T.  Nj  adsorption-*  was  5.9  m^/g. 

The  polyelectrolyte  studied  was  the  Ha*  salt  of  polymethacrylic  acid 
(PMAA-Na)  with  an  average  molecular  weight  of  15,000.  '  Figure  1  shows  the 
PMAA-Na  structure  and  that  the  functional  groups  are  carboxylic  acid  (COOK) 
groups. 

The  water  used  was  distilled  and  deionized.  pH  was  adjusted  with 
standardized  analytical  grade  HC1  and  NaOH  solutions  (1.0  N  and  0.1  N). 
Analytical  grade  NaCl  was  used  to  adjust  the  ionic  strength  as  desired. 


*  Sumitomo  Chemical  America,  Inc.,  New  York,  NY  (AKP-30) . 
't’Micromeritics.  Norcross,  CA  (Sedigraph  5000). 

5 Quantachrome  Co.,  Syosset,  NY  (Quantasorb) . 
Polysciences,  Inc.,  Pittsburgh,  PA.  » 
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2.  Experimental  Methods 

(A)  Potentiometric  Titrations:  To  measure  the  fraction  of  dissociated 
COOH  groups  (a)  versus  pH  for  PMAA-Na  (Fig.  1)  and  the  surface  charge 
versus  pH  for  AI2O2.  potentiometric  titrations  of  the  control  electrolyte 
solutions  were  compared  to  titrations  of  the  polymer  solutions  and  oxide 
suspensions.* 

This  procedure  of  using  potentiometric  titrations  to  determine  poly¬ 
mer  behavior  and  surface  chemistry  of  solid  is  clearly  outlined  by  Arnold 
and  Overbeek^  and  by  Hunter^  for  oxides.  Titrations  were  completed  on  a 
blank  electrolyte  solution  and  the  polyelectrolyte  solution  or  suspension 
with  a  known  amount  of  sample.  The  difference  between  the  amounts  of 
titrant  added  to  obtain  a  certain  pH.  was  the  amount  of  titrant  that 
reacted  with  the  sample.  With  this  information,  both  the  fraction  of 
functional  groups  dissociated  on  polymers  and  the  surface  charge  on 
ceramic  powders  can  be  easily  calculated.^ 

The  titrations  were  completed  in  a  Nj  atmosphere  and  in  each  case 
40  ml  samples  had  known  but  small  volumes  of  PMAA-Na  (<  0.1  g)  and  A^O^ 

(<  2  vol  Z);  and,  when  desired.  NaCl  solutions  were  used  to  adjust  the 
ionic  strength.  Prior  to  titration,  the  AljOj  powder  was  cleaned  to 
remove  soluble  ions  using  Soxhlet  extraction.7  With  this  technique  the 
powder  is  continuously  washed  with  freshly  distilled  water. 

(B)  Adsorption  Isotherms:  The  adsorption  of  PMAA-Na  on  the  alumina  was 
also  evaluated  using  the  automatic  titration  unit  in  the  first  derivative 
titration  mode.  Suspensions  of  20  vol  Z  A1 jOj  were  prepared  with  various 
amounts  of  PMAA-Na  at  various  pH  values.  While  the  AI2O3  was  being  added, 
the  pH  was  constantly  monitored  and  adjusted  so  that  it  was  always  within 
0.2  pH  units  from  the  desired  pH  value.  After  mixing,  the  samples  were 
ultrasonicated  for  approximately  1  min.  and  the  pH  measured  and  adjusted 
again  if  necessary.  The  samples  were  then  put  into  a  gentle  mechanical 
shaker  for  approximately  24  hours  and  then  centrifuged  for  45  min.  at  2000 
RPM.  A  portion  of  the  supernatant  was  then  analyzed  by  first  derivative 
titration  to  determine  the  amount  of  PMAA  left  in  solution.  Fig.  2(a) 

*Radiometer,  Copenhagen,  Denmark  (Radiometer  TRS822). 
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shows  the  shape  of  a  typical  PMAA-Na  titration  curve  and  its  corresponding 
first  derivative  plot.  The  distance  between  peaks  represents  the  amount 
of  titrant  to  reach  the  endpoint  and  depends  linearly  on  the  amount  of 
PMAA-Na  titrated  as  shown  in  Fig.  2(b).  This  relationship  was  therefore 
used  to  determine  the  amount  of  PMAA-Na  remaining  in  solution  after 
adsorption:  A  known  volume  of  the  supernatant  was  diluted  with  water  to 
approximately  40  ml.  This  solution  was  then  sealed  in  the  titration  cell 
and  the  pH  adjusted  to  9.8,  while  the  sample  chamber  was  subjected  to  Nj 
bubbling.  The  pH  adjustment  to  9.8  ensured  that  any  PMAA-Na  would  be 
fully  dissociated.  This  will  be  discussed  fully  below.  The  first  deriva¬ 
tive  titrations  were  then  conducted  with  0.5  M  HC1  and  the  distance 
between  peaks  recorded.  Standards  were  prepared  to  establish  Fig.  2(b) 
and  this  calibration  was  used  to  determine  adsorption  behavior  of  PMAA. 
Background  salt  did  not  induce  significant  deviation  in  this  calibration. 

(C)  Settling  and  Zeta  Potential  Experiments:  Settling  experiments  were 
done  using  2  vol  ”  AI2O3  suspensions.  Various  amounts  of  PMAA-Na  were 
added  to  the  suspensions  and  were  then  ul trasonicated  and  stirred  for  at 
least  4  hours.  Of  each  suspension,  70  ml  was  then  poured  into  graduated 
cylinders  and  after  several  days  the  final  sedimentation  cake  heights  were 
recorded. 

Electrophoretic  mobility  was  measured*  and  used  to  calculate  seta 

Q 

potential  according  to  Henry's  equation.  These  measurements  can  only  be 
completed  on  very  dilute  suspensions.  Therefore,  it  was  very  important 
that  the  2  vol  Z  AI2O3  samples  were  centrifuged  and  the  supernatant  care¬ 
fully  decanted  into  a  beaker,  thereby  ensuring  that  only  a  very  minute 
amount  of  the  sediment  was  remixed  with  the  supernatant.  Prior  to  the 
measurements,  the  samples  were  ultrasonicated  and  stirred  for  15  minutes 
to  ensure  that  only  the  mobility  of  the  single  particles  was  measured.  At 
least  ten  measurements  were  completed  for  each  sample  to  ensure  accuracy. 


*Rank  Brothers,  Bottisham,  Cambridge,  England  (Micro-Particle 
Electrophoresis  Apparatus  Mark  IX). 
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(D)  Viscosity  Measurements:  Viscosity  of  the  suspensions  was  measured 
using  a  rotary  viscometer*  equipped  with  a  recorder  and  a  small  sample 
chamber  so  that  only  8  ml  samples  were  necessary  for  each  measurement. 


III.  RESULTS  AND  DISCUSSION 

1.  Chemistry  of  PMAA-Na  and  the  Surface  of  3— Al^O^ 

The  polyelectrolyte  polyaethacry  1  ic  acid-Na+  salt  (PMAA-Na,  Fig.  1), 
with  an  average  molecular  weight  or  15.000.  has  approximately  138 
available  carboxylic  acid  sites  or  functional  groups  per  molecule. 
Depending  on  the  solvent  conditions  (i.e.,  pH  and  ionic  strength),  the 
fraction  of  functional  groups  which  are  dissociated  (i.e..  CCO")  and  those 
which  are  ncn-dissociated  (i.e..  COCH)  will  vary.  As  the  fraction  disso¬ 
ciated  (a)  increases  from  -  0  to  -  1.0,  the  polymer  charge  varies  from 
relatively  neutral  to  highly  negative.  Therefore,  the  behavior  of  the 
polymer  in  solution  also  depends  on  the  solvent  conditions.  Fig.  3  shows 
the  fraction  of  dissociated  acid  groups  as  a  function  of  pH  and  background 
NaCl  concentration.  As  the  pH  and  salt  concentration  increase,  the  disso¬ 
ciation  and  negative  charge  characteristics  of  the  polymer  increases. 

Fig.  3  shows  that  at  pH  values  >_  8.5  the  PMAA  is  negative  and  satu¬ 
rated  with  a-l.  In  this  condition,  experimental  evidence  shows  that  the 
PMAA  molecules  are  in  the  form  of  relatively  large  expanded  random  coils 
in  solution.-’  This  configuration  results  from  electrostatic  repulsion 
between  the  negatively  charged  surface  sites.  As  pH  is  decreased,  the 
number  of  negatively  charged  sites  also  continually  decreases  until  the 
PMAA  is  effectively  neutral  near  pH  3.4  and  a  -+  0.  In  this  condition  the 
PMAA  chains  approach  insolubility  and  form  relatively  small  coils  or 
clumps.^ 


‘Brookfield  Engineering  Laboratories.  Inc..  Stoughton.  HA  (Digital 
Viscometer.  Model  RVTD) . 
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A  plausible  explanation  for  the  role  of  salt  concentration  on  the 
degree  of  dissociation  is  as  follows.  The  probability  of  COO-  groups 
being  stable  surrounded  by  Na+  counterions  in  close  proximity  increases 
with  increasing  [NaCll  and  therefore  the  probability  of  ions  reacting 

with  available  COO-  groups  to  form  COOH  decreases.  Additionally,  added 
salt  decreases  the  thermodynamic  activity  of  H20+,  shifting  the  equili¬ 
brium  towards  more  dissociation  as  depicted  in  Fig.  1. 

Using  similar  reasoning,  this  behavior  explains  why  pQ,  defined  in 
Fig.  1,  increases  with  increasing  a  and  decreasing  background  salt  concen¬ 
trations  (Fig.  4).  pQ  is  the  effective  dissociation  reaction  constant. 

For  a  polyacid  such  as  PMAA.  pQ  varies  for  each  acid  site,  depends  on  the 
local  environment,  and  increases  as  each  successive  acid  group  disso¬ 
ciates.  This  situation  occurs  because  increased  electrostatic 
interactions  between  (-)  sites  on  the  polymer  cake  dissociation  of 
neighboring  sites  more  difficult.  Since  increased  salt  concentration  pro¬ 
motes  electrostatic  shielding  and  makes  dissociation  less  difficult,  pQ 
decreases.  An  interesting  note  is  that  extrapolation  of  pQ  values  to  a  = 

0  yields  4.86.  This  value  is  consistent  with  those  for  simple  organic 
acids  which  only  have  one  acid  group.  Both  the  pQ  and  j.  behavior  are  in 
agreement  with  the  PMAA  titration  results  of  Arnold  and  Overbeek.3 

Fig.  5  shows  the  charge  density  (o)  on  the  surface  of  the  A1-,0t 
particles  as  a  function  of  pH.  At  every  pH,  there  is  a  large  number  of 
positive,  neutral,  and  negative  sites.  The  O  value  gives  the  overall  net 
charge  density.  At  the  zero  point  of  charge  (zpc),  the  number  of  positive 
sites  equals  the  number  of  negative  sites  and  the  net  charge  equals  zero. 
For  our  sample  of  a-A^O^,  the  zpc  is  at  approximately  pH  8.7.  Both  a 
values  and  the  zpc  are  in  very  close  agreement  to  that  of  Hasz.^ 

Finally,  a  comparison  of  Fig.  5  with  Fig.  3  indicates  that  there 
should  be  a  great  deal  of  electrostatic  attraction  between  the  negatively 
charged  polymer  and  the  positively  charged  A^O^  particularly  in  the  pH 
range  from  3.5  to  8.7.  This  relationship  will  be  discussed  further  in  the 
next  section. 
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2.  Adsorption  of  PMAA-Na  on  ci-AljOj 

Fig.  6  shows  adsorption  at  various  pH  values,  plotted  as  Eg  PMAA 
2 

adsorbed  per  m  surface  area  of  A^Oj,  versus  the  initial  amount  of  PMAA- 
Na  added  (on  a  dry  weight  of  A^Oj  basis).  The  solid  diagonal  line 
represents  the  adsorption  behavior  that  would  occur  if  100  %  of  the  PMAA 
added  were  to  adsorb.  Though  this  plot  is  not  of  the  usual  form  for 
adsorption  data,  its  utility  in  ceramic  processing  will  become  evident. 

It  is  clearly  shown  that  the  amount  adsorbed  increases  greatly  with 
decreasing  pH.  This  behavior  agrees  with  recent  polyelectrolyte 
adsorption  theory  developed  by  Van  der  Schee  et  al.  For  pH  values 

above  the  zpc.  a  is  approximately  1  and  the  negatively  charged  sites  on 
the  polyelectrolyte  chains  tend  to  repel  each  other.  This  repulsion 
suppresses  the  formation  of  loops  in  adsorbed  conformation.  Conseo.uently, 
the  polyelectrolyte  chains  adsorb  in  a  relatively  flat  conformation  with 
each  chain  apparently  covering  a  relatively  large  amount  of  surface  area. 
Note  that  polyelectrolyte  tails  can  still  extend  into  solution  even  though 
the  formation  of  loops  is  inhibited.  The  determined  adsorption  values  for 
polyelectrolyte  in  this  configuration  are  on  the  order  of  a  few  tenths  of 
a  rag/m  .  As  the  pH  is  decreased  and  a  approaches  0  (Fig.  3),  the  poly¬ 
electrolyte  chains  become  uncharged  and  the  formation  of  loops  in  the 
adsorbed  configurations  is,  in  principle,  enhanced.  Thus,  the  projected 
surface  area  per  adsorbed  chain  is  relatively  small,  and  more  adsorbed 
chains  are  required  to  establish  a  saturated  monolayer.  Commonly  measured 

values  for  this  type  of  adsorption  are  a  few  mg/a^  which  is  in  agreement 

1 2 

with  the  experimental  results. 

Fig.  6  also  shows  a  difference  between  the  adsorption  behavior  above 
the  zpc  and  below  the  zpc.  For  pH  9.8,  there  is  a  gradual  attainment  of 
the  saturated  adsorption  plateau.  In  contrast,  for  systems  at  pH  8.2  and 
less,  the  plateau  adsorption  is  reached  without  any  appreciable  PMAA 
remaining  in  solution.  Therefore,  it  is  concluded  that  for  pH  values 
near  and  more  acidic  than  the  zpc,  the  adsorption  behavior  is  of  the 
'high  affinity'  type.  Practically  all  of  the  PMAA  which  is  added  adsorbs 
on  the  surface  and  the  data  follow  the  100  %  line  until  a  saturation 
plateau  level  is  reached.  Only  beyond  this  limit  does  nonadsorbed  PMAA 
become  appreciably  present  in  solution.  This  observation  also  agrees 
with  the  adsorption  theory  if  an  electrostatic  influence  on  adsorption 
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and  a  negative  or  partly  negative  polyelectrolyte  adsorption  on  a 
positively  charged  surface  are  considered. **  Above  the  2pc,  due  to 
similar  net  charges,  a  barrier  for  adsorption  increasingly  develops,  so 
that  in  order  to  adsorb  PMAA,  there  has  to  exist  a  corresponding  equili¬ 
brium  concentration  of  PMAA  in  solution.  Adsorption  in  this  region  is 
due  to  the  minority  of  positive  surface  sites  when  the  net  surface  charge 
is  negative. 

Fig.  6  also  shows  that  the  presence  of  background  salt  can  slightly 
increase  adsorption.  This  occurs  because  the  background  salt  has  an 
electrostatic  shielding  effect  between  negatively  charged  sites  on  the 
PMAA  thereby  causing  the  chains  to  behave  more  like  uncharged  polymers  and 
enhancing  the  development  of  loops.  This  type  of  behavior  is  commonly 
observed  in  many  systems  and  agrees  with  recent  concepts  on  adsorption.* * 
Even  with  0.1  M  NaCl  concentrations,  stable  suspensions  are  achieved  after 
saturation  adsorption  occurred. 

Reversibility  of  adsorption  is  indicated  by  the  ▼  and  +  points  on 
Fig.  6.  Under  these  conditions,  the  suspensions  were  prepared  at  the 
initial  pH  values  indicated  and  shaken  for  4  hours.  The  suspensions  were 
then  adjusted  to  desired  final  pH  values  and  shaken  for  20  or  more  hours 
prior  to  analysis.  The  system  which  is  initially  at  pH  9.9  and  then 
adjusted  to  pH  8.1  adsorbs  a  final  amount,  consistent  with  that  obtained 
when  the  initial  pH  is  8.1.  This  correspondence  night  be  expected 
since  at  pH  9.9  there  is  appreciable  nonadsorbed  PMAA  in  solution  which 
could  be  easily  adsorbed  once  the  pH  is  lowered.  A  change  in  the  configu¬ 
ration  of  the  adsorbed  PMAA  may  occur;  but,  thus  far  no  observable  changes 
in  the  suspension  behavior  can  be  related  to  such  changes.  On  the  other 
hand,  when  the  initial  pH  is  8.0  and  then  adjusted  to  9.6,  complete 
reversibility  is  not  observed  but  only  a  fraction  of  PMAA  desorbs.  This 
behavior  suggests  that  the  PMAA  is  relatively  strongly  neld  on  the  A^O-j 
surface.  It  also  possibly  indicates  that  with  sufficiently  extended  times 
most  of  the  PMAA  might  desorb,  at  least  for  pH  values  near  and  above  the 
zpc . 
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3.  Consolidated  State 


The  effect  of  incomplete  adsorption  and  flocculation  on  the  consoli¬ 
dated  state  was  determined  by  sedimentation  and  centrifugation  experi¬ 
ments.  Fig.  7(a)  shows  that  trace  amounts  of  PMAA-Na  (<  0.25  %)  induces 
flocculation  and  large  sedimentation  volumes.  This  results  because  the 
binding  energy  between  the  particles  is  high  and  the  particle  clusters 

that  form  during  consolidation  behave  as  rigid  flow  units  and  do  not  pack 
1 3 

densely.  In  contrast,  at  concentrations  of  approximately  0.35-0.50  % 
PMAA-Na,  the  binding  energy  between  particles  is  low  and  the  particle 
clusters  display  relatively  denser  packing  structure.^ 

These  data  also  correlate  with  the  zeta  potential  determinations. 

Fig.  7(b)  shows  that  with  increasing  polymer  concentration,  the  zeta 
potential  decreases  to  zero  and  then  reverses  sign.  Above  0.5  %  polymer, 
the  zeta  potential  approaches  a  nearly  constant  value  of  -40  mV.  This 
value  reflects  the  saturated  monolayer  of  polyelectrolyte  on  Al-,0-, . 

It  can  be  further  concluded  from  Figs.  7(a)  and  (b)  that  small 
additions  of  PMAA-Na  (e.g.,  <  0.1  %)  neutralize  charge  and  induce  subse¬ 
quent  flocculation.  In  this  regime,  flocculation  is  mainly  due  to 
electrostatic  patch  model  flocculation  whereby  flocculation  takes  place 
because  negatively  charged  patches  due  to  the  adsorbed  polyelectrolyte  are 
attracted  to  positively  charged  patches  of  surface  on  other  particles. 

When  the  molecular  weight  is  relatively  low  then  maximum  flocculation 
occurs  when  the  zeta  potential  is  approximately  zero  or  even  still 
slightly  positive.  This  type  of  behavior  is  discussed  by  Bleier  and 
Goddard. In  the  range  from  0.1-0. 3  X  PMAA-Na,  flocculation  is  due  to  a 
combination  of  two  effects:  (1)  the  zeta  potential  is  relatively  low  in 
magnitude,  and  (2)  incomplete  adsorption  results  in  polymer  bridging  where 
two  or  more  particles  can  be  mutually  adsorbed  by  polymer  chains. 

It  can  also  be  concluded  that  the  PMAA  results  in  more  efficient 
consolidation.  Upon  settling,  pure  AI2O3  (0  %  polymer)  shows  a  larger 
sediment  volume  than  the  system  with  0.4  Z  polymer  added  even  though  the 
zeta  potentials  are  +48  mV  and  -33  mV,  respectively..  The  stability  deter¬ 
mined  by  settling  rates  and  sedimentation  heights  do  not  appear  to  be 
equal  until  zeta  potentials  of  >_  58  mV  are  reached  for  the  pure  A^Oj 
suspensions.  This  trend  means  that  the  increased  stability  and  dispersion 
of  the  0.4  X  polymer  system  may  be  due  to  a  steric  stabilization 
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interaction  in  combination  with  the  repulsion  effect  due  to  electro¬ 
statics.  These  mechanisms  together  can  be  termed  electrosteric. 

From  these  results  some  preliminary  conclusions  can  be  made:  (1) 
only  very  minute  amounts  of  PMAA-Na  are  necessary  to  flocculate  A^Oj 
suspensions,  (2)  a  critical  amount  of  PMAA-Na  is  needed  before  stabili¬ 
zation  occurs,  and  (3)  PMAA-Na  does  indeed  provide  an  enhanced  stabili¬ 
zation  effect. 

A.  Stability  Map  for  PMAA-Na/a-AljOj  System 

With  the  above  information  and  the  adsorption  data  in  Fig.  6,  a 
stability  map  can  be  constructed.  Fig.  8  is  a  plot  of  the  amount  of  PMAA 
adsorbed  at  the  plateau  levels  versus  pH.  In  other  words,  for  any  pH  near 
and  below  the  zpc,  it  is  a  measure  of  the  amount  of  PMAA  which  must  be 
adsorbed  to  achieve  a  stable  suspension.  Regions  above  the  curve  are 
■stable  and  dispersed.  Regions  below  the  curve  are  unstable  and  show  an 
onset  to  flocculation.  The  reason  for  the  assumed  steep  decrease  in 
adsorption  at  pH  3.3  is  because  of  observed  viscosity  decreases  (Table  I). 
For  example,  as  pH  is  decreased  on  samples  which  are  initially  stable,  the 
viscosity  noticeably  increases  when  crossing  the  stability/ instability 
boundary  region.  This  is  expected  since  at  those  lower  pH  values,  more 
PMAA  is  needed  to  maintain  a  stable  suspension  and  the  subject  suspensions 


Table  X:  Rheology  data  at  various  pH's  for  20  vol  Z 
a-AljO^  suspensions  with  0.312  %  (dwb)  of 
PMAA-Na  MW  15.000. 


pH 

n(10-3  Pa-s)  at  10  RPM 

5.2 

1650 

7.4 

<  10 

8.7 

<  10 

9.3 

<  10 

9.8 

<  10 

10.2 

<  10 

1  1 


are  below  that  critical  level.  This  process  is  the  same  as  moving  to  the 
left  from  a  stable  region  on  Fig.  8  and  entering  the  unstable  region. 

Once  the  pH  is  decreased  further  to  3.3,  deflocculation  reoccurs  and 
viscosity  sharply  decreases  and  approaches  that  of  a  system  stabilized  at 
pH  3.3  without  any  PMAA  present.  Since  at  pH  3.3  the  suspension  is  stable 
without  the  presence  of  PHAA  due  solely  to  electrostatic  interactions,  it 
is  believed  that  there  is  a  combination  of  two  possible  mechanisms  for  the 
observed  restabilization  of  AI2O2  below  pH  3.3  in  the  presence  of  PMAA. 

One  explanation  is  that  below  pH  3.3  the  PMAA  sufficiently  desorbs  since 
this  is  also  the  pH  at  which  the  PMAA  loses  its  negative  charge  and  its 
configuration  and  electrical  state  approach  those  of  a  neutral  polymer 
with  a  greatly  diminished  driving  force  for  adsorption  (Pig.  3);  it  nay 
even  approach  its  solubility  limit.  Concurrently,  some  PMAA  nay  still  be 
adsorbed  but  the  effectively  neutral  polymer  layer  nay  be  small  enough  so 
that  the  electric  double  layer  (formed  by  the  highly  positive  AI^Ot 
surface)  may  extend  past  the  polymer  layer.  In  this  way,  electrostatic 
stabilization  due  to  electric  double  layer  interactions  can  still  occur. 

Table  I  illustrates  the  transition  from  stability  to  instability 

based  on  viscosity  measurements.  A  series  of  samples  with  0.312  %  PMAA 

—  2 

was  prepared  at  various  pH  values.  Viscosities  above  pH  7  were  <  10 
Pa-s  while  the  viscosity  at  pH  5.2  was  more  than  two  orders  of  magnitude 
greater,  indicating  flocculation.  This  is  in  agreement  with  Fig.  8  which 
shows  a  stability/ instability  transition  at  -  pH  7  for  0.312  %  PMAA. 


IV.  CONCLUSIONS 

1,  The  adsorption  behavior  of  polymethacrylic  acid  on  alumina  depends 
on  solvent  conditions  and  the  charge  characteristics  of  the  PMAA 
and  the  AI2O3  surface:  As  pH  is  decreased,  the  adsorption  of  PMAA 
increases  until  insolubility  and  charge  neutralization  of  the  PMAA 
is  approached;  for  pH  values  near  and  below  the  zero  point  of 
charge  for  AI2O3.  there  is  an  added  electrostatic  attractive 
potential  for  adsorption  which  results  in  a  high  affinitv  type 
adsorption  behavior. 


]  ’ 


2. 


For  pH  values  near  and  below  the  zpc.  PMAA  adsorbs  and  may  induce 
flocculation  until  an  adsorption  saturation  limit  is  reached  and 
the  binding  energy  between  particles  is  reduced  below  a  critical 
level. 

3.  Once  saturation  adsorption  occurs  and  stability  is  achieved,  the 
PMAA  induced  stabilization  exhibits  an  enhanced  stability, 
compared  to  suspensions  stabilized  electrostatically  without  the 
poly electrolyte. 

4.  The  stability  map  introduced  here  is  a  useful  processing  tool  for 
tailoring  suspensions  with  varying  amounts  of  polymer,  depending  on 
the  desired  properties.  For  instance,  if  higher  concentrations  of 
polymer  are  desired,  perhaps  for  high  mechanical  strength  in  the 
consolidated  state,  acidic  conditions  would  be  recommended. 

However,  if  dispersion  is  ultimately  important  and  the  effects  of 
the  adsorbed  polymer  are  not  desired,  basic  conditions  would  be  more 
suitable.  The  knowledge  gained  from  the  stability  map  is  necessary 
to  predict  the  amount  of  polymer  necessary  to  stabilize  aqueous 
alumina  suspensions  at  various  pH's  for  any  known  surface  area  and 
well-defined  zpc. 
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FIGURE  CAPTIONS 

Figure  1:  Schematic  of  a  PMAA-Na  segment  and  the  dissociation  reaction. 

Figure  2:  (a)  A  typical  titration  curve  for  PMAA-Na  and  its  corresponding 

first  derivative  plot;  and  (b)  linear  relationship  between  the 
amount  of  PMAA-Na  titrated  and  the  meq  of  titrant  corresponding 
to  the  distance  between  the  peaks  in  (a). 

Figure  3:  Fraction  of  acid  groups  dissociated  versus  pH  as  a  function  of 
salt  concentration  for  PMAA-Na  salt,  MW  15,000. 

Figure  4;  pQ  versus  the  fraction  dissociated  as  a  function  of  salt 
concentration  for  PMAA-Na  salt.  MW  15,000. 

Figure  5:  The  relative  surface  charge  versus  pH  for  the  a-Al^O^  powder. 

Figure  6:  The  amount  of  PMAA-Na  salt  adsorbed  on  a-Al-O^  as  a  function  of 
the  initial  amount  of  PMAA-Na  added. 

Figure  7;  (a)  Sedimentation  height:  and  (b)  zeta  potential  versus  Z  PMAA-Na 

for  2  vol  Z  suspensions  of  a-AliO^. 

Figure  8:  Colloidal  stability  map  of  a-Al^O^  (20  vol  Z)  suspensions  as  a 
function  of  adsorbed  PMAA-Na  salt  and  pH. 
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ABSTRACT 


Stability  and  rheology  of  aqueous  o—Al^O^  suspensions  with  Hat  salt 
of  polymethacrylic  acid  ( PMAA-Ha )  and  polyacrylic  acid  (PAA)  polyelectro¬ 
lytes  was  studied  as  a  function  of  pH ,  solids  loading ,  and  molecular 
weight.  Past  work  has  found  polyelectrolyte  stabilized  suspensions  to  be 
fairly  pH  independent  at  low  (e.g.,  20  v/o)  solids  loadings.  However,  we 
now  show  that  the  effective  pH  range  to  provide  dispersed  and  fluid  sus¬ 
pensions  narrows  as  the  concentration  of  solids  increases.  At  high  solids 
levels  the  presence  of  excess  polymer  in  solution  has  detrimental  effects 
on  stability  which  increases  with  increasing  molecular  weight.  Finally , 
with  knowledge  of  the  above  concepts  highly  concentrated  fluid  suspensions 
of  60  v/o  AI2O3  O  85  w/o)  with  submicron  size  particles  have  been 
processed.  Higher  consolidated  densities  and  reduced  sintering  tempera¬ 
tures  are  attained  when  compared  to  more  conventional  processing 
techniques . 


*  Presented  at 
Chicago,  IL, 


the  88th  Annual  Meeting  of  the  American  Ceramic  Society. 
April  30.  1986  (041-BP-86). 
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I.  INTRODUCTION 


Polyelectrolytes  are  widely  used  in  industrial  applications  to 
prepare  highly  concentrated  (>  50  v/o)  ceramic  suspensions  which  are 
subsequently  fabricated  into  dense  components  by  sintering.  Although  a 
variety  of  polyelectrolytes  are  commercially  available  and  are  used 
effectively  in  the  preparation  of  suspensions,  their  role  in  colloidal 
stabilization  has  not  been  clearly  understood. 

In  this  paper,  we  aim  to  provide  a  clearer  understanding  of  particle 
dispersion  with  adsorbed  polyelectrolytes  and  relate  it  to  the  surface 
chemistries  of  the  suspended  particle  sirfaces  and  the  polyelectrolyte. 
Aqueous  oxide  suspensions  will  be  considered  as  a  general  example.  The 
particular  emphasis  will  be  on  the  dispersion  of  U-AI2O3  suspensions  with 
polymethacrylic  acid  (PMAA)  and  polyacrylic  acid  (PAA). 

It  is  also  an  aim  of  this  paper  to  describe  the  methodology  of  using 
polyelectrolyte  stabilization  for  the  processing  of  very  highly  concen¬ 
trated  (60  v/o)  aqueous  ceramic  suspensions.  This  was  studied  with  model 
experiments  with  submicron  size  alumina  which  determined  the  guidelines 
for  the  selection  of  a  proper  pH  range  and  related  rheological  behavior  to 
molecular  weight.  Finally,  sintering  behavior  of  compacts  preDared  by 
these  techniques  is  compared  to  more  conventional  methods  of  processing. 


II.  BACKGROUND  INFORMATION 


For  information  concerning  polyelectrolytes,  surface  charging  of 
oxides,  and  related  adsorption  behavior  of  polyelectrolytes  on  oxides,  the 
reader  is  referred  to  Ref.  1.  The  following  discussion  pertains  to  the 
particular  aqueous  system  of  aluminum  oxide  particles  and  polymethacrylic 
acid  — Na+  salt  (PMAA— Na)  and  is  a  summary  of  the  work  described  in  Ref.  I. 
The  structure  of  PMAA  is  shown  in  Fig.  1. 

For  PMAA  alone,  each  molecule  has  many  carboxylic  acid  sites  or 
functional  groups  and  depending  on  the  solvent  conditions  (i.e.,  pH  and 
ionic  strength),  the  fraction  of  functional  groups  which  are  dissociated 
(i.e.,  COO")  and  those  which  are  non-dissociated  (i.e.,  COOH)  will  vary. 


As  the  fraction  dissociated  (oO  increases  from  =  0  to  =  1.0.  the  polymer 
surface  charge  varies  from  relatively  neutral  to  highly  negative.  In 
general,  for  PMAA  and  other  polyelectrolytes  which  have  carboxylic  acid 
groups  as  the  functional  groups,  the  dissociation  and  negative  charge 
characteristics  of  the  polymer  increases  with  increasing  pH.^  For  PMAA  at 
pH  values  of  8.5  the  molecules  are  effectively  negative  with  a=  1,  In 
this  condition,  experimental  evidence  shows  that  the  PMAA  molecules  are  in 
the  form  of  relatively  large  expanded  random  coils  in  solution.^  This 
results  from  electrostatic  repulsion  between  the  negatively  charged 
surface  sites.  As  pH  is  decreased,  the  number  of  negatively  charged  sites 
also  continually  decreases  until  the  PMAA  is  effectively  neutral  near  pH 
3.4  and  a  -+  0.  In  this  condition  the  PMAA  chains  approach  insolubility 
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and  form  relatively  small  coils  or  clumps. 

In  general,  for  oxides  the  relative  charge  density  (c)  on  the  surface 
of  the  particles  also  varies  with  pH  but  in  a  different  manner  than  the 
charging  of  anionic  polyelectrolytes.  For  oxides,  at  every  pH.  there  are 
large  numbers  of  negative,  neutral,  and  also  positive  surface  sites.  The 
value  gives  the  overall  net  charge  density.  At  low  pH  values  positive 
sites  are  in  the  vast  majority  and  therefore  o  is  positive.  At  high  pH. 
negative  sites  are  in  the  majority  and  a  is  negative.  At  the  zero  point 
of  charge  (zpc),  a  =  0  which  occurs  when  the  number  of  positive  sites 
equals  the  number  of  negative  sites.  For  C1-AI2O3,  the  zpc  is  at  approxi¬ 
mately  pH  8.7. 

The  comparison  of  the  charging  behavior  of  PMAA  and  AI2O3  with  pH 
leads  to  an  obvious  conclusion  that  the  saturation  limit  of  PMAA 
adsorption  on  AI2O3  should  be  significantly  affected  by  pH.  Fig.  2  is  a 
plot  of  the  amount  of  PMAA  adsorbed  at  the  saturation  levels  versus  pH. 
The  amount  of  PMAA  which  must  be  adsorbed  to  achieve  a  stable  suspension 
increases  with  decreasing  pH.  Regions  above  the  solid  curve  are  stable 
and  dispersed.  Regions  below  the  curve  are  unstable  and  show  an  onset  to 
flocculation.  The  regions  below  pH  4  are  discussed  in  Ref.  1  and  thus 
will  not  be  discussed  in  this  paper. 

In  order  to  expand  the  concepts  for  different  sol  ids  concentrations, 
pH,  and  polyelectrolyte  molecular  weight,  and  to  use  these  concepts  for 
processing  of  these  suspensions,  more  experiments  were  conducted  using 
polyelectrolytes  and  colloidal  a-AljOj, 


Ill-  EXPERIMENTAL 


1.  Materials  and  Chemicals 

The  ceramics  used  in  this  study  were  of  very  high  purity  (>99.995%). 
submicron  size,  ar.d  relatively  monodispersed  (0. 2-1.0  pm)  a-Al203  P°wc*ers 
(AKP  20  and  AKP  30).*  The  average  diameter  measured  by  an  x-ray 
adsorption/sedimentation  technique^  was  0.52  pm  for  AKP  20  and  0.41  pm  for 
AKP  30.  The  average  surface  area  as  measured  by  standard  B.E.T.  iU 
adsorption^  was  4.5  m^/g  for  AKP  20  and  6.8  m^/g  for  AKP  30. 

The  polyelectrolytes  used  were  the  Na+  salt  of  polymethacry  1  ic  acid 
(PMAA-Na)  with  an  average  molecular  weight  of  15,000  and  polyacrylic  acid 
(PAA)  of  various  molecular  weights  (1800,  5000,  and  50,000).  '  These 
polyelectrolyte  structures  are  shown  in  Fig.  1. 

The  water  used  was  distilled  and  deionized.  The  pH  was  adjusted  with 
standardized  analytical  grade  HC1  and  NaOH  solutions  (1.0  and  0.1  11). 
Analytical  grade  HaCl  was  used  to  adjust  the  ionic  strength  as  desired. 

2 .  Experimental  Methods 

(A)  Viscosity  Measurements:  Viscosity  measurements  were  done  with  a 
rotary  viscometer^ 1  with  a  small  sample  chamber.  To  determine  the 
relative  magnitude  of  viscosity  and  whether  the  suspensions  were 
flocculating  or  stabilized,  the  following  rheological  measurement  method 
was  used: 

(i)  Each  suspension  was  initially  sheared  at  a  relatively  high  shear  rate 
of  93  sec-*.  This  ensured  that  permanent  particle  clusters  (if  any) 
were  dispersed; 


*Sumitomo  Chemical  America,  Inc.,  New  York.  NY. 
fMicromeritics,  Norcross,  GA  (Sedigraph  5000). 

§Quantachrome  Company,  Syosset,  NY  (Quantasorb) 

UPolysciences,  Inc.,  Pittsburg,  PA. 
trBrookfield  Engineering  Laboratories,  Inc.,  Stoughton,  MA  (Digital 
Viscometer,  Model  RVTD) . 
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(ii)  The  shear  rate  was  then  decreased  every  30  seconds  in  8  increments 
down  to  0.46  sec-^  and  the  viscosities  recorded; 

(iii)  The  suspensions  were  then  allowed  to  sit  at  0.46  sec-^  for  10  min.  so 
that  nucleation  and  growth  of  particle  clusters  could  occur; 

(iv)  The  shear  rate  was  then  increased  in  8  increments  back  up  to  93  sec-^ 
and  the  viscosities  recorded  again. 

Large  differences  between  the  initial  rate  sweep  and  the  latter  rate 
sweep  were  assumed  to  be  due  to  flocculation  (i.e.,  the  nucleation  and 
growth  of  particle  clusters).  The  magnitude  of  the  viscosities  was  taken 
as  a  relative  measure  of  the  fluidity  of  the  suspensions  as  related  to  the 
particle  interaction  energy  and  the  degree  of  particle  clustering. 

(B)  Zeta  Potential  and  Interparticle  Repulsive  Potential  Calculations: 

Zeta  potential  (■)  was  calculated  by  using  the  measured  electrophoretic 
mobility*  and  Henry's  equation-  with  Overbeek's  correction  if  necessary.^ 
This  correction  takes  into  account  the  value  of  ca,  where  <  is  the  inverse 
screening  length  and  a  is  the  particle  diameter.  In  general,  as  the  ionic 
strength  of  a  suspension  increases  so  does  xa.  For  the  purpose  of  this 
paper,  the  actual  polymer  chains  were  not  included  in  the  calculation  of 
a;  however,  their  associated  ions  were  included.  These  measurements  can 
only  be  completed  on  very  dilute  suspensions.  Therefore,  it  was  very 
important  that  the  suspensions  were  centrifuged  and  the  supernatant  care¬ 
fully  decanted  into  a  beaker.  Then  a  portion  of  the  sediment  was  removed 
with  the  supernatant.  Prior  to  taking  the  measurements,  the  new  dilute 
suspensions  were  very  briefly  ultrasonicated  and  magnetically  stirred  to 
ensure  that  only  singlet  particles  were  measured.  At  least  ten  measure¬ 
ments  were  completed  for  each  sample  to  ensure  accuracy. 

The  calculations  of  interparticle  repulsive  potentials  (Vr)  were  done 
according  to  Ref.  7.  Since  for  any  given  powder  the  attractive  potential 
is  the  same,  it  is  only  necessary  to  compare  the  values  of  Vr  for  quali¬ 
tative  arguments  concerning  interparticle  potentials.  Comparisons  of  Vr 
are  made  at  a  particle  separation  distance  of  100  X, 

♦Rank  Brothers,  Bottisham,  Cambridge,  England  (Micro-Particle  Electrophor¬ 
esis  Apparatus  Mark  II). 
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(C)  Processing  of  Suspensions  for  Sintering:  Both  the  AKP  20  and  AKP  30 
ct-AloO^  powders  were  dry  pressed,  slip  C3st.  and  simply  air  cast  (dried) 
in  plastic  molds.  The  dry  pressed  pellets  were  approximately  2.54  cm  in 
diameter  and  pressed  biaxially  at  51.8  MPa.  The  slip  cast  samples  were 
prepared  from  50  v/o  suspensions  and  cast  between  two  slabs  of  plaster. 
The  suspensions  were  prepared  with  a  commercially  available  form  of 
PAA-MH^+  (M.W.  5,000)  and  the  pH  adjusted  to  6.8  with  small  amounts  of 
citric  acid.  The  air  cast  samples  were  made  by  pouring  5  ml  of  very 
highly  concentrated  PAA-NH^*  stabilized  AljO^  suspensions  (=  60  v/o)  intc 
plastic  molds  and  allowing  them  to  dry.  All  of  the  samples  were  then 
sintered  in  air.  The  samples  were  held  at  the  maximum  temperatures  for 
one  hour.  The  heating  and  cooling  rates  were  30C°C/h.  The  sintered 
densities  were  measured  by  a  standard  alcohol  immersion  method. 


17.  RESULTS  AND  DISCUSSION 

1.  Viscosity  vs.  pH 

Fig.  3  shows  the  effect  of  pH  on  viscosity  for  stabilized  suspensions 
at  various  solids  loading.  Using  rig.  2  for  representation,  all  of  these 
suspensions  are  in  the  stable  region  but  still  relatively  close  to  the 
stability  boundary. 

In  20  v/o  AljO-j  suspensions,  all  of  the  stabilized  systems  have  very 
low  viscosities  and  the  difference  between  suspensions  stabilized  at  pH  a.5 
and  10  are  minimal.  As  the  v/o  solids  increase,  the  magnitude  of  viscosity 
also  increases  while  the  effective  pH  range  gets  smaller  (Fig.  3).  In  all 
cases  the  minimum  in  viscosity  occurs  at  approximately  pH  8.8.  The  reason 
for  the  increase  in  viscosity  at  higher  pH  is  because  of  the  presence  of 
excess  polymer  remaining  in  solution  due  to  the  adsorption  behavior  of  the 
polyelectrolyte  which  is  no  longer  high  affinity  type  adsorption  at  high 
pH.^  This  leads  to  high  viscosities  in  concentrated  suspensions  where  the 
amount  of  water  is  small.  Problems  associated  with  excess  polymer  in 
solution  will  be  discussed  more  fully  in  a  following  section.  At  lower  pH, 

*R.  T.  Vanderbilt  Company,  Norwalk,  CT. 
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viscosity  again  increases  because  of  two  related  phenomena.  As  the  pH 
decreases,  the  amount  of  polyelectrolyte  necessary  to  provide  stabilization 
increases  (Fig.  2)  while  at  the  same  time  the  polyelectrolyte  chains 
become  less  dissociated.^  This  leads  to  two  problems.  First,  with  less 
dissociation  the  negative  charge  characteristics  of  the  polyeiectiolyte 
decreases  and  the  relative  solubility  of  the  polymer  also  decreases.^ 

This  leads  to  a  situation  where  the  adsorbed  polyelectrolyte  has  less 
negatively  charged  functional  groups  extending  into  solution  and  therefcre 

decreases  the  magnitude  of  the  electrosteric  repulsive  barrier  between 
1  8 

particles.  •  Secondly,  as  the  amount  of  polyelectrolyte  increases,  the 
concentration  of  ions  associated  with  the  polyelectrolyte  and  ions  due  to 
pH  adjustment  also  in:reases  and  therefcre  reduces  the  electrostatic 
portion  of  particle  repulsion. 

These  effects  become  more  appreciable  at  higher  solids  concentrations 
since  the  particle  repulsion  necessary  to  provide  stability  increases  with 
increasing  solids  concentrations.^1  For  example,  for  a  20  v/o  suspension 
at  pH  5.5,  the  v/o  solids  is  relatively  low;  and.  under  these  conditions 
of  polyelectrolyte  dissociation  and  ionic  strength,  the  binding  energy 
between  particles  is  low  enough  to  prevent  the  nucleation  and  growth  of 
particle  clusters  and  the  resultant  viscosity  remains  low.  In  contrast, 
for  a  40  v/o  suspension  at  pH  5.5,  the  binding  energy  between  particles  is 
lew  enough  to  prevenc  permanent  clusters  but  high  enough  to  induce  a  large 
increase  in  viscosity.  To  have  more  fluid  and  stable  suspensions  at 
higher  solids  concentrations  requires  adjustment  to  a  more  optimum  pK 
where  the  adsorbed  polyelectrolyte  is  mote  fully  dissociated  and  ionic 
strengths  lowered  so  that  a  more  effective  electrosteric  repulsion  can 
exist  between  particles.  These  concepts  will  be  revealed  in  more  detail 
in  the  following  section.  It  should  be  noted  that  for  this  system  the 
optimum  pH  seems  to  be  at  pH  -  8.8.  This  pH  is  where  the  minimum  in 
viscosity  occurs  (Fig.  3)  and  coincides  with  the  point  at  which  the  poly¬ 
electrolyte  is  fully  charged  and  maintains  maximum  solubility  while  high 
affinity  type  adsorption  still  occurs  and  the  ionic  strength  is  relatively 
low.  Under  these  conditions  the  amount  of  polyelecl rolyte  in  solution  is 
small  and  the  binding  energy  between  particles  is  low. 
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2.  Relating  Interparticle  Forces  to  Rheological  Behavior 

Table  I  shows  a  summary  of  data  relating  interparticle  forces  to 
rheological  behavior  for  AO  v/o  AKP  30  suspensions  stabilized  with  PMAA- 
Na+.  The  polymer  ratio  is  a  measure  of  the  amount  of  polymer  added  in 
relation  to  that  necessary  for  adsorption  saturation  according  to  Pig.  2. 
The  value  of  <a  is  a  relative  measure  of  the  ionic  strength  of  the 
solution.  As  <a  increases  ionic  strength  increases  and  as  a  reference  for 
this  system,  a  tea  value  of  A25  is  equivalent  to  a  0.1  M  NaCl  solution. 

The  cVr  values  are  a  relative  measure  of  the  repulsive  potential  between 
particles  due  solely  to  calculated  electrostatic  repulsion  at  a  separation 
distance  of  100  A.  The  ig  to  ”,jg  values  are  a  measure  of  the  change  in 
viscosity  over  a  period  of  -10  min  at  a  shear  rate  of  9.3  s-*,  and  the 
comments  S,  ?.  and  SF  are  equalitative  observations  meaning  stable, 
flocced,  and  slightly  flocced,  respectively. 

The  information  in  Table  I  can  be  usee  to  provide  some  preiiminar--* 
conclusions  relating  to  interparticie  forces.  First  of  all,  the  root 
dominant  cause  for  flocculation  in  polyelectrolyte  stabilized  suspensions 
is  incomplete  adsorption  which  provides  a  driving  force  for  particles  to 
cluster  together  in  an  effort  to  form  saturated  monolayers.  This  is 
clearly  shown  in  Table  I  in  th3t  in  all  cases  where  the  polymer  ratio  is 
<1.0,  flocculation  resulted  even  though  the  zeta  potentials  and 
electroatatic  repulsive  forces  are  relatively  high.  The  best  examples 
tabulated  are  at  pH  9.5  for  a  polymer  ratio  of  0.55  and  at  pH  8.1  for  a 
polymer  ratio  of  0.76.  It  may  also  be  concluded  that  once  enough  polymer 
has  been  adsorbed  there  is  a  stabilization  effect  due  soleiy  to  the 
polyelectrolyte  even  in  the  absence  of  repulsion  due  to  electrostatics. 

This  is  especially  apparent  for  samples  at  pH  8.1  w/NaCl  and  pH  6.5  where 
Vr  2  0;  but,  stable  fluid  suspensions  resulted.  Further  evidence  for  the 
stabilizing  effects  due  to  the  polyelectrolyte  is  that  for  the  same  A0  v/o 
system  in  the  absence  of  polymer  an  electrostatic  value  of  cVf  =  3  is 
necessary  to  induce  comparable  levels  of  stability  and  viscosity  as  those 
found  for  PMAA  stabilized  suspensions  at  pH  8.8  with  a  cVr  value  of  O.7.1® 

Another  important  aspect  of  polyelectrolyte  stabilization  is  that  the 
resulting  zeta  potential  of  stabilized  suspensions  tabulated  in  Table  I  can 
be  directly  correlated  to  the  charge  of  the  AlgOg  particles,  amount  of 
polyelectrolyte  dissociation,  and  the  amount  of  pclyelectrolyte  adsorbed  on 
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the  surface.  This  concept  is  represented  in  Fig.  4  which  shows  the  zeta 
potential  (.;)  and  relative  number  of  dissociated  COO-  polymer  sites  (RNS) 
versus  pH.  The  RNS  was  calculated  by  multiplying  the  amount  of  adsorbed 
PMAA  (Fig.  2)  times  the  percent  of  COOH  groups  dissociated  (measured  in 
Ref.  1).  This  quantity  effectively  represents  the  number  of  negative  sites 
which  are  available  to  charge  a  particle  surface.  If  there  is  no 
electrical  interaction  between  the  charged  polymer  and  the  particle 
surface,  then  (')  should  ideally  correspond  directly  with  RNS.  However, 
this  system  has  electrical  interactions  with  the  particle  surface:  there¬ 
fore.  Fig.  4  shows  that  the  combination  of  RNS  and  the  influence  of  particle 
surface  charge  determine  the  resulting  zeta  potential.  Fig.  4  was  con¬ 
structed  so  that  RNS  and  '.  crossover  at  pH  =  8.8  since  this  pH  is  very  close 
to  the  zpc  of  the  AliOj;  and,  therefore,  the  overall  net  charge  of  the  AI1C3 
will  have  j  minimal  contribution  to  the  observed  As  pH  decreases  to 
8.1,  RNS  increases  and  increases  slightly  as  expected.  However,  at  pH 
6.5  RNS  is  at  a  maximum  while  ,  decreases  appreciably.  From  this  it  may  be 
concluded  that  below  the  zpc  the  excess  positive  surface  sites  on  the  AItOt 
begin  to  neutralize  excess  negative  sites  on  the  polyelectroiyte  and  the 
effective  is  lower  than  expected.  This  behavior  is  shewn  to  continue  to 
lower  pHs;  however,  it  is  expected  that  for  pH  <  3,  the  .  will  be  determined 
only  by  the  AljC^  surface  since  and  RNS  approach  0.  However,  for  pH  <  3, 
the  will  probably  still  be  lower  than  expected  due  to  the  physical 
presence  of  an  adsorbed  neutral  polymer  layer.  At  pHs  above  the  zpc,  the 
is  slightly  larger  than  expected  from  the  RNS  values.  This  suggests  that 
above  the  zpc  the  excess  negative  surface  sites  on  the  AItO^  become 
additive  to  the  excess  negative  sites  on  the  polymer.  A  note  that  should 
be  emphasized  here  is  that  for  this  system  the  r  is  a  strong  contributing 
factor  to  the  overall  suspension  viscosity  but  not  the  sole  determining 
factor.  The  maximum  C  is  at  pH  8.1;  however,  the  best  suspensions  in  terms 
of  stability  and  viscosity  are  observed  at  pH  8. 8-9.0.  In  general,  the 
data  from  Table  I  and  Fig.  4  show  that  for  40  v/o  suspensions,  ionic 
strength  only  slightly  affects  polyelectrolyte  stabilized  systems,  but 
still  a  '  of  >  1201  mV  is  necessary  for  stabilization.  The  -20  mV  gives  an 
indication  that  the  polyelectrolyte  is  still  charged  and  has  negative 
soluble  functional  groups  extending  into  the  solvent  so  that  an  enthalpic 
steric  stabilization  mechanism  can  be  functional  along  with  an 


electrostatic  stabilization  mechanism. 


3.  Viscosity  vs.  Amount  of  Polyelectrolyte 

Fig.  5  shows  the  viscosity  of  50  v/o  AKP  20  AI2O3  suspensions  (pH  9) 
versus  the  amount  of  PAA  added  for  various  molecular  weights.  For  each 
sample  the  viscosity  was  recorded  at  time  =  0  and  10  min  at  a  shear  rate 
of  9.3  s'1.  Increases  in  viscosity  (connected  by  tie  lines)  show  that 
flocculation  is  occurring  in  the  suspensions.  For  each  molecular  weight, 
there  is  a  critical  amount  of  polymer  that  must  be  added  before  stabili¬ 
zation  and  low  viscosities  result.  This  corresponds  to  the  saturation 
adsorption  limit  of  the  polyelectrolytes  on  AI2O3  and  is  in  agreement  with 
the  previous  discussion  concerning  the  stability  map  in  Fig.  2. 

Since  the  amount  of  polyelectrolyte  necessary  for  stabilization 
increases  as  the  molecular  weight  increases,  this  is  an  indication  that 
the  adsorbed  layer  thickness  may  also  be  increasing  with  molecular  weight. 
This  nay  have  substantial  effects  for  more  highly  concentrated  suspensions. 

Further  additions  of  polymer,  past  the  adsorption  saturation  limit, 
only  serves  to  provide  excess  polymer  in  solution.  As  shown  in  Fig.  5, 
the  rheological  effects  due  to  excess  polymer  are  much  core  drastic  as  the 
molecular  weight  increases.  This  can  be  seen  in  two  respects.  First,  the 
viscosity  of  polymer  solutions  is  proportional  to  the  size  of  the  indivi¬ 
dual  polymer  coils  squared.-1  Therefore,  as  the  molecular  weight  increases 
the  viscosity  of  the  aqueous  solution  part  of  the  suspension  drastically 
increases.  Secondly,  it  is  observed  that  as  the  molecular  weight 
increases  a  more  pronounced  thixotropic  effect  occurs  due  to  the  excess 
polymer.  This  is  the  result  of  a  destabilization  mechanism  called 
depletion  flocculation.®*11  Basically  depletion  flocculation  is  the 
result  of  an  osmotic  pressure  increase  due  to  the  polymer  in  solution. 

This  effect  increases  with  increasing  molecular  weight. 

4.  Processing  of  Polyelectrolyte  Stabilized  Suspensions 

Using  the  concepts  previously  discussed,  fluid  AljCj  suspensions  with 
60  v/o  solids  (>  85^  by  weight)  were  made  with  viscosities  of  <  0.4  Pa.s 
at  100  s'1.  To  show  the  advantage  of  increasing  the  solids  concentration 
in  suspension,  some  samples  were  cast  in  plastic  molds  from  40  to  60  v/o 
suspensions  and  then  sintered  at  1400°C  for  45  min.  Due  to  the  reduced 
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volume  fraction  of  solids  and  longer  casting  times  for  the  40  v/o 

suspensions*  it  is  expected  that  long  range  particle  segregation  took 
1 2 

place.  This  resulted  in  slightly  lower  green  densities  for  the  40  v/o 
suspensions  by  =  2%.  This  also  became  apparent  after  sintering  when  all 
of  the  samples  made  from  the  40  v/o  suspensions  consistently  resulted  in 
3-6%  lower  sintered  densities  regardless  of  the  powders  used. 

To  more  clearly  show  the  possible  benefits  of  processing  with  highly 
concentrated  suspensions,  two  powder  systems  of  high  purity  C1-AI2O3  were 
processed  by  pressing,  slip  casting  50  v/o  suspensions,  and  casting 
=60  v/o  suspensions  in  plastic  molds.  Then  the  sintering  behaviors  were 
compared;  and,  the  results  for  AKP  30  AI2O3  are  shown  in  Fig.  6.  Figure  6 
shows  clearly  that  processing  from  highly  concentrated  polyelectroiyte 
stabilized  suspensions  leads  to  higher  consolidated  densities  and  that 
these  benefits  carry  over  in  the  form  of  reduced  sintering  temperatures. 
The  samples  processed  from  60  v/o  suspensions  had  a  consolidated  density 
of  65.8%  theoretical  and  sintered  to  99%  theoretical  at  1350°C.  For  an 
AIjOt  powder  with  a  relatively  low  surface  area  of  6.8  o  /g  this  is  a  very 
low  sintering  temperature.  In  contrast,  filtration  channels  cause  the 
development  of  excess  voids  in  slip  cast  microstructures  and  higher 
sintering  temperatures  are  required  for  the  elimination  of  tnese  voids. 

And  as  expected,  the  local  density  variations  and  inefficient  particle 
packing  caused  by  dry  pressing  require  even  higher  temperatures  for 
complete  void  elimination. 


CONCLUSIONS 

In  highly  (>  50  v/o)  concentrated  AI2O3  suspensions  stabilized  with 
PMAA.  a  viscosity  minimum  is  observed  at  pK  =  8.8.  This  coincides  with 
the  pH  at  which  the  polyelectrolyte  is  fully  charged  and  maintains  maximum 
solubility  while  high  affinity  type  adsorption  still  cccurs  and  the  ionic 
strength  is  relatively  low. 

Below  pH  ~8.8,  the  viscosity  increases  because  of  a  decrease  in  the 
•  '  charge  characteristics  of  the  adsorbed  polyelectrolyte  and  a 
••  1  the  electrosteric  repulsive  barrier  between  particles. 


Above 


pH  =  8.8,  viscosity  increases  because  high  affinity  type  adsorption  behavior 
is  lost  and  excess  polymer  in  solution  becomes  appreciable.  Excess  polymer 
can  also  lead  to  depletion  flocculation  and  this  effect  becomes  greater  as 
molecular  weight  increases. 

Polyelectrolyte  stabilization  can  exist  even  in  the  absence  of 
appreciable  electrostatic  repulsive  forces  due  to  conditions  of  relatively 
high  ionic  strength.  However,  even  though  polyelectrolyte  stabilization 
can  exist  with  low  levels  of  electrostatic  repulsion  it  is  necessary  that 
an  appreciable  zeta  potential  be  present  on  the  particles.  The  actual 
zeta  potential  built  up  on  particles  due  to  polyelectrolyte  adsorption  is 
a  function  of  the  amount  of  polyelectrolyte  adsorbed,  the  fraction  of 
polyelectrolyte  dissociation,  and  the  surface  charge  of  the  bare  particle. 
For  anionic  PMAA  and  A^Oj  at  pHs  below  the  zpc  of  AI1O3,  the  actual  zeta 
potential  is  less  than  expected  from  the  adsorbed  PMAA  due  to  the  cancel¬ 
lation  effect  between  the  negative  PMAA  and  positive  A^Cj  surface.  At 
pHs  above  the  zpc  there  is  an  additive  effect  between  the  negative  PMAA 
and  the  negative  surface  which  yields  a  larger  zeta  potential  than 
expected  from  the  amount  of  PMAA  adsorbed. 

In  general,  by  understanding  the  chemistries  of  the  polyelectrolyte 
and  particle  surface,  polyelectrolyte  adsorption  behavior,  and  polyelec- 
trolyte  rheological  effects  one  may  control  the  viscosity  and  rheology  for 
all  solids  levels.  If  it  is  desired  to  work  at  low  solids  but  still 
prevent  problems  due  to  segregation  then  the  proper  polyelectrolyte 
conditions  can  be  tailored  for  a  high  viscosity  thixotropic  suspension. 

If  full  dispersion  and  high  solids  is  desired  then  again  the  poly¬ 
electrolyte  conditions  can  be  tailored. 
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Figure  3 

Figure  A 

Figure  5 

Figure  6 


Schematic  of  PMAA  and  PAA  polymer  segments. 

A  stability  map  showing  the  amount  of  adsorbed  PMAA-Na  required 
to  form  stable  suspensions  of  20  v/o  AKP  30  C1-AI1O3  as  a 
function  of  pH. 

Viscosity  at  9.3  s~*  versus  pH  for  PMAA-Na  stabilized  AKP  30 
C1-AI2O3  suspensions  from  20  to  60  v/o  solids  concentrations. 

The  relative  number  of  COO-  polyelectrolyte  sites  and  zeta 
potential  versus  pH  for  A0  v/o  AKP  30  a-A^Oo  suspensions  at  pH  9. 

Viscosity  versus  the  amount  of  PAA  added  for  various  molecular 
weights  for  50  v/o  AKP  20  CJ-AI2O3  suspensions  at  pH  9. 

The  sintering  behavior  of  AKP  30  0^1303  for  various  processing 
techniques . 
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EFFECT  OF  FREE  POLYELECTROLYTES  ON  STABILIZED  AQUEOUS 

SUSPENSIONS 


M.  Yasrehi,  LA.  Aksay,  and  J.  Cesar ano 
This  paper  will  be  submilled  and  published  in  the  near  future. 

In  this  paper,  we  examine  how  the  addition  of  a  low  concentration  of  free  polymcthacrylic 
acid  (PMAA)  and  polyacrylic  acid  (PAA)  elTects  the  stability  of  a-alumina  aqueous  suspensions. 
The  PAA  we  used  in  the  experiments  consisted  of  various  molecular  weights.  Based  on  optical 
observations  and  sedimentation  experiments,  we  have  found  that  low  concentrations  of  the 
above  polyelectrolytcs  can  flocculate  the  stable  suspensions.  I'urthcrmorc,  our  experimental 
evidence  suggests  depletion  flocculation  as  the  prime 


PHASE  STABILITY  AND  STRUCTURES  IN  COLLOIDAL  SYSTEMS 


M.  Yasrebi  and  LA.  Aksay 

This  paper  will  be  submitted  and  published  in  the  near  future. 

In  this  paper,  we  discuss  the  cfTcct  of  zeta  potential  and  particle  concentration  on  the 
microstructure  of  colloidal  suspensions.  We  studied  these  clTccts  by  making  viscosity  measure¬ 
ments  in  aqueous  a- AliOy  suspensions.  We  show  here  that  viscosity  measurement  is  a  suitable 
technique  for  studying  structural  formation  in  the  suspension.  In  addition,  we  detected  transition 
between  different  states  of  colloidal  suspension  and  plotted  a  phase  diagram,  finally,  we  discuss 
the  correlation  between  the  experimental  data  and  the  theoretical  calculations  of  the  colloidal 
phase  diagram. 
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FUNDAMENTALS  OF  POWDER  CONSOLIDATION  IN  COLLOIDAL  SYSTEMS1 


Ilhan  A.  Aksay 


Department  of  Materials  Science  and  Engineering 
University  of  Washington 
Seattle,  Washington  98195  U.S.A. 


Abstract 

Although  colloidal  dispersion  techniques  are  useful  in  the  elimination  of  unwanted  particle 
clusters,  during  transitions  from  the  dispersed  to  the  consolidated  state,  particle  clusters 
form  again.  We  discuss  these  transitions  with  a  phase  diagram  that  outlines  the  stability 
regions  of  dispersed  and  consolidated  states.  The  sice  and  the  packing  arrangement  of 
the  particle  clusters  that  form  during  consolidation  can  be  controlled  by  the  consolidation 
procedure  followed.  Due  to  the  formation  of  these  clustered  structures,  a  narrow  pore  sice 
distribution  is  not  easily  obtained.  Advantages  of  using  polydispcrse  particle  sice  systems 
are  illustrated. 


1.0  INTRODUCTION 

In  ceramic  processing,  powder  consolidation  and  sintering  is  generally  preferred  over  other 
techniques  (t.e„  melt-solidification  and  vapor  deposition)  for  either  economic  reasons  and,  or  for 
its  advantages  in  controlling  the  microstructure  and  thus  the  properties  of  polycrystalline  and 
polyphase  composite  systems.  In  this  endeavor  for  microstructural  control  through  sintering, 
the  most  fundamental  processing  steps  are  (i)  processing  or  selection  of  the  raw  materials  in 
powder  form,  (ii)  consolidation  of  powders  either  with  the  use  of  liquid  suspensions  or  de¬ 
pressing  techniques,  and  (Hi)  densification  of  powder  compacts  with  the  application  of  heat 
and/or  pressure.  The  character  of  the  final  product  is  affected  by  all  the  steps  of  this  processing 
chain  (Fig.  1)J*I  in  a  fundamental  approach  to  processing,  we  must  understand  not  only  the  role 
of  the  powder  characteristics,  but  also  the  role  of  the  consolidation  technique  and  the  sintering 
path  on  the  final  microstruclure. 

These  issues  are  by  no  means  new  research  topics.  In  the  field  of  traditional  clay-based 
ceramics,  experience  as  well  as  research  findings  have  long  favored  the  use  of  colloidal  suspension 
(slip)  techniques  to  control  not  only  microstructural  uniformity  but  also  to  fabricate  complex 
geometries  that  could  not  easily  be  processed  by  dry  pressing  techniques. ::  Further,  the  use  of 
wide  particle  size  distributions  has  traditionally  been  favored  to  achieve  high  packing  densities 
and  thus  to  lower  sintering  temperatures.  3 
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PROCESSING  BY  POWDER  CONSOLIDATION 


Fig.  1:  Various  processing  paths  followed  in  powder  consolidation.  Suspension  route  is 
used  to  eliminate  unwanted  particle  clusters  (agglomerates).  Gelation  route  is  for  particles 
smaller  than  —  75 nm. 


In  contrast,  in  the  field  of  modern  ceramics,  the  importance  of  using  colloidal  dispersion 
and  consolidation  techniques  has  not  received  wide  recognition  until  recent  years.  Presently, 
various  research  laboratories  throughout  the  world  have  active  programs  on  the  processing, 
colloidal  dispersion  and  consolidation  of  submicrometer  size  powders.  4!  This  renewed  interest 
in  the  colloidal  approach  to  processing  is  mainly  a  consequence  of  the  realization  that  unwanted 
inhomogeneities  introduced  into  a  powder  compact  during  the  presintering  stages  generally 
remain  in  the  finished  product  as  defects.'5  6 

As  a  result  of  this  renewed  interest  in  the  colloidal  processing  approach,  significant  advances 
have  already  been  made.  7,al  In  the  following  sections,  we  review  the  recent  advances  on  the 
consolidation  of  powders  by  colloidal  techniques  and  outline  the  guidelines  that  must  be  fol¬ 
lowed  for  the  microdesigning  of  ceramics.  Although  these  recent  findings,  in  most  part,  are  in 
agreement  with  our  past  experience  on  clay-based  systems,  we  hope  that  the  new  interpreta¬ 
tion  of  the  colloidal  consolidation  processes  presented  here  will  establish  the  impetus  for  future 
developments. 

Our  discussion  in  Section  2  will  start  with  the  colloidal  consolidation  behavior  of  nearly 
monosize,  spherical  particles  in  the  size  range  larger  than  0.1  tim.  In  Section  3,  we  will  illustrate 
that  although  monosize  particles  serve  a  useful  role  in  model  studies,  as  in  the  traditional 
approach,  there  are  clear  advantages  to  using  polydisperse  particle  size  systems  when  the  goal 
t  is  to  complete  densification  at  lower  temperatures  with  minimum  amount  of  grain  growth.  The 

directions  that  must  be  taken  for  future  developments  are  outlined  in  Section  4. 
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2.0  COLLOIDAL  PHASE  TRANSITIONS 

The  use  of  powders  in  the  submicron  size  range  is  preferred  in  order  to  increase  the  driving 
force  for  densification  and  also  to  form  fine-grain  microstructures.  However,  a  key  problem  that 
arises  with  the  use  of  submicron  size  powders  is  their  tendency  to  form  uncontrolled  clusters 
due  to  van  der  Waals  attractive  interactions.  Immediate  consequences  of  uncontrolled  clustering 
are  that:  (i)  mixing  of  multiphase  systems  becomes  difficult,  and  ( it )  packing  density  variations 
associated  with  these  clusters  impede  densification  (Fig.  2). 

The  first  stage  of  colloidal  processing  is  the  preparation  of  a  stable  suspension  (i.e..  colloidal 
fluid  or  slip)  by  developing  repulsive  barriers  between  particles.  The  goal  in  the  first  stage  is  to 
break  up  or  eliminate  unwanted  particle  clusters.  The  goal  in  the  second  stage  is  to  consolidate 
the  particles  to  achieve  a  desired  spatial  distribution  and  packing  density. 

In  the  following  sections,  we  will  first  outline  the  methodology  of  preparing  dispersed  sus¬ 
pensions  by  controlling  particle  interactions.  Next,  we  will  outline  the  transitions  from  dispersed 
to  consolidated  states  with  a  phase  diagram.  Finally,  we  will  illustrate  that  during  transitions 
from  the  dispersed  to  the  consolidated  state,  particle  clusters  will  form  again.  However,  unlike 
the  particle  clusters  we  wanted  to  eliminate  in  the  first  stage,  the  type  of  clusters  formed  during 
colloidal  consolidation  is  now  under  our  control. 


« 


t 

Fig.  2:  Scanning  electron  micrograph  of  an  MnOz,  ZrO?  composite.  Although 
this  composite  was  hot  isostaticaliy  pressed  at  I500°C  and  207  MPa  for  1  hr.  low 
density  regions  still  remain. 
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2.1  Particle  Interactions  and  Dispersed  Colloidal  State 

Dispersion  in  a  colloidal  suspension  is  commonly  accomplished  either  by  generating  an  ionic 
cloud  around  the  particles  and/or  by  coating  the  particles  with  polymeric  or  macromolecular 
material.  In  the  first  case,  electrostatic  repulsion  arises  when  ionic  clouds  overlap:  and  in 
the  second  case,  steric  repulsion  is  effective  when  the  adsorbed  polymer  sheaths  begin  to  fold 
back  or  interpenetrate.  The  fundamentals  of  electrostatic,  steric.  or  the  combined  electrosteric 
repulsion  mechanisms  and  the  methodology  of  developing  these  barriers  are  discussed  in  various 
text  books  and  review  articles.  9,1°!  The  details  will  not  be  repeated  here.  For  the  purposes  of 
our  discussion,  the  important  aspect  is  the  role  of  repulsive  interactions  in  counteracting  the 
van  der  Waals  repulsive  interactions. 

As  illustrated  with  the  case  of  electrostatic  repulsion  in  Fig.  3.  the  combined  form  of  the 
interaction  potential  between  particles  can  be  continuously  varied  by  monitoring  one  or  a  com¬ 
bination  of  the  parameters  that  affect  the  repulsive  interaction.  The  case  illustrated  in  Fig.  3 


Fig.  3:  (a)  Variation  in  interparticle  potential  for  electrostatically  interacting  1.0pm 

diameter  particles  at  surface  potentials  ranging  from  10  to  100ml'.  H  is  the  surface  to 
surface  separation  distance.  Calculations  were  done  for  a  double  layer  thickness  of  10"6cm 
and  Hamaker  constant  of  10 ~nJ.  (b)  Interaction  potential  at  a  separation  distance  of 
0.04pm  as  a  function  of  f2 
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is  the  effect  of  surface  potential  (expressed  as  zeta  potential,  f)  91  on  pair  potential.  An  important 
relation  to  note  here  is  the  approximate  dependence  of  interparticle  binding  energy  on  ^-potential 
by  the  following  proportionality  (Fig.  3(b)): 

E-r2.  (i) 

Clearly,  f-potential  is  not  the  only  parameter  that  can  be  used  to  regulate  the  pair  potential. 
In  the  case  of  steric  stabilization,  this  goal  is  achieved  by  controlling  the  extent  of  polymer 
adsorption  on  the  particle  surface.  In  ail  cases,  the  first  key  requirement  for  the  preparation 
of  dispersed  suspensions  is  to  reduce  E  at  the  point  of  particle  contact.  111  By  increasing  g 
above  a  critical  value  (e.g..  througn  pH  regulation  in  aqueous  systems),  nucleation  and  growth 
of  particle  clusters  can  be  prevented.  12  However,  maintaining  a  low  E  value  alone  is  not  the 
only  requirement  for  the  preparation  of  dispersed  suspensions.  As  detailed  in  the  next  section, 
for  a  given  E.  the  dispersed  state  will  be  retained  only  up  to  a  critical  particle  concentration. 


2.2  Phase  Equilibria  in  Colloidal  Systems 

In  the  traditional  sense,  the  onset  of  the  cluster  nucleation  and  growth  process  corresponds  to 
the  transition  point  from  dispersed  to  the  flocculated  state.  From  a  fundamental  point  of  view, 
we  will  use  the  terms  colloidal  fluid  and  solid  in  analogy  to  the  fluid  and  solid  stales  in  atomic 
systems.  In  this  approach,  the  dynamics  of  particle  clustering  is  the  central  issue.  Transition 
from  the  embryo  to  the  critical  nucleus  and  growth  stage  is  considered  to  be  the  main  distinction 
between  the  fluid  and  solid  states.  13  In  certain  cases  {e.g..  injection  molding)  the  structure  of 
the  fluid  may  be  retained  in  the  solid  state  by  a  process  analogous  to  glassy  phase  formation  in 
atomic  systems. 

The  main  advantage  of  viewing  the  process  of  particle  clustering  in  colloidal  systems  as 
analogous  to  the  nucleation  and  growth  in  atomic  systems  is  that  we  can  now  outline  the 
stability  regions  of  colloidal  fluid  and  solid  states  in  the  phase  diagram  forms  familiar  to  us  in 
the  atomic  systems.  The  theoretically  calculated  phase  diagram  for  a  one  component  colloidal 
system  («'.«.,  monosize  spherical  particles  with  one  type  of  pair  potential)  illustrated  in  Fig.  4 
is  our  first  attempt  to  achieve  this  goal.'7'14!  Here,  the  stability  regions  of  colloidal  fluid  and 
solid  states  are  outlined  as  a  function  of  two  intrinsic  variables:  (i)  the  reduced  temperature. 
kT/E.  where  k  is  the  Boltzmann  constant.  T  is  the  thermodynamic  temperature,  and  E  is  the 
binding  energy  between  particles:  and  (li)  the  particle  number  density,  p.  of  the  suspension. 
In  the  phase  diagram,  the  temperature  scale  is  normalized  by  the  particle-particle  interaction 
potential.  14  Similarly,  the  density  scale  is  normalized  by  the  density  of  the  first  generation 
of  particle  clusters.  In  the  case  of  dense  packing  of  monosize  spherical  particles,  the  packing 
density  of  first  generation  particle  clusters  is  0.74. 

The  form  of  this  phase  diagram  is  not  unique  when  we  work  with  atomic  systems.  It  is 
unique  in  colloidal  systems  in  the  interpretation  of  the  reduced  temperature  scale.  In  atomic 
systems,  the  reduced  temperature  scale  is  only  proportional  to  the  thermodynamic  temperature 
T  since  the  pair  potential  in  a  given  system  is  usually  fixed.  However,  in  colloidal  systems,  the 
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Fig.  4:  Phase  diagram  for  a  one 
component  colloidal  system  of  mono¬ 
size  spherical  panicles.14 


interaction  potential  can  be  easily  varied.  As  discussed  above,  in  the  case  of  electrostatically 
interacting  systems,  Eq.  (1)  can  be  used  to  express  the  reduced  temperature  as: 

Tr  =  kT.'E  =  ({/ \-0)!  (2) 

where  Co  is  a  normalization  constant. 

In  the  phase  diagram,  the  colloidal  fluid  region  above  the  critical  point  CR  is  labeled  as 
colloidal  gas  when  the  suspension  particle  number  density  is  low  and  as  colloidal  liquid  when 
the  density  is  high.  In  this  range,  the  density  change  (e.g..  along  Path  l  from  G  to  L)  from  the 
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colloidal  gas  to  the  liquid  state  is  continuous  and  the  change  is  not  recognized  as  a  first  order 
transition.  However,  when  the  density  of  the  liquid-like  state  exceeds  a  certain  density  Lt,  a  first 
order  transition  to  a  solid-like  state  starts  with  the  nucleation  and  growth  of  particle  clusters. 
When  we  work  with  monosize  spherical  particles,  these  first  order  transitions  are  referred  to  as 
d:sorder-order  transitions.  ISl  The  ordered  state  is  often  recognized  by  its  opalescent  property.16' 
With  polydisperse  systems,  the  opalescent  property  can  be  lost:  however,  the  transition  can  still 
be  recognized  through  variations  in  other  properties,  e.g..  rapid  viscosity  increase  at  a  critical 
particle  concentration.:1*: 

In  contrast  to  the  process  along  Path  I.  if  we  follow  Path  2  from  C  to  C  [e.g..  by  changing  f- 
potential  as  described  above),  first  order  transitions  from  gas-  to  liquid-  and  solid-like  states  are 
observed  at  much  lower  particle  concentrations.  U1S  In  the  traditional  ceramics  ianguage.  this 
colloidal  fluid  region  above  CR  is  where  we  prepare  a  slip  or  suspension  at  low  viscosities  and 
high  solids  loadings.  However,  below  the  critical  point,  the  slip  or  colloidal  fluid  region  narrows 
to  low  particle  concentrations  and  thus  is  not  suitable  for  the  preparation  of  highly  concentrated 
suspensions.  When  part  of  the  suspending  medium  is  eliminated,  the  slip  :s  transformed  to  a 
consolidated  state  when  the  particle  concentration  exceeds  the  critical  concentration  iine  outlined 
in  the  phase  diagram.  Regardless  of  the  path  followed,  the  transition  from  a  colloidal  fluid  to 
solid  state  is  a  nucleation  and  growth  process  of  particle  clusters:  thus,  we  must  next  understand 
the  structural  variations  associated  with  the  multiple  clustering  of  the  first  generation  particle 
clusters. 


2.3  Hierarchically  Clustered  Colloidal  Solids 

In  Fig.  5(a).  we  plot  the  packing  density  of  monosize  (O.Sum)  silica  particles  as  a  function 
of  c'  (i.e..  kT  E )  as  determined  by  gravitational  settling.  M  Here,  c-  is  the  {-potential  at  the 
critical  point  of  the  phase  diagram  presented  in  Fig.  4.  A  unique  feature  is  the  existence  of 
two  distinct  density  regimes  with  respect  to  this  critical  c-poienlial.  In  the  supercritical  regime 
({  >  {,).  the  packing  density  is  —  of  the  total  volume.  In  the  suberitical  regime  (c  <  {c).  a 
continuous  but  significant  decrease  in  the  packing  tensity  down  to  lOfc  is  noticed.  As  illustrated 
in  the  scanning  electron  micrograph  of  Fig.  5(b).  this  drastic  decrease  in  the  density  is  due  to 
the  formation  of  large  voids  between  particle  clusters.  However,  since  this  continuous  density 
change  as  a  function  of  the  interparticle  binding  energy  suggests  a  structural  continuity  in  the 
particle  clusters,  we  next  examine  the  microstructural  variations  of  the  particle  clusters  as  a 
function  of  E  at  a  higher  magnification. 

In  Fig.  6(a).  we  illustrate  the  continuously  changing  microstructural  features  of  the  particle 
clusters  at  three  different  {-potentials.  The  unifying  feature  of  these  microstruclures  is  that  a 
hierarchy  of  particle  clustering  is  observed  in  all  cases.  The  closely  packed,  smallest  size  particle 
clusters  are  identified  as  first  generation  particle  clusters.  The  entire  microstructure  in  each 
case  represents  the  second  generation  of  clusters.  In  Fig.  6(b).  we  illustrate  the  variations  in  the 
arrangement  of  the  first  generation  particle  clusters  by  highlighting  the  second  generation  voids 
as  dark  regions.  Here,  two  features  are  noteworthy:  (i)  with  increasing  interparticle  binding 
energy,  first  generation  particle  dusters  become  smaller,  and  ( ii )  parallel  to  this  change,  voids 
between  these  first  generation  particle  clusters  become  larger. 


Fig  5:  (a)  Variations  in  the  sedimentation 

density  (relative  to  the  total  volume)  of  col¬ 
loidal  solids  as  a  function  of  U'cc)2  where  c* 
is  the  zeta  potential  at  the  critical  point,  (b) 
Scanning  electron  micrograph  of  particle  clus¬ 
ters  formed  at  low  Tr  values  14 


Fig.  6:  (a)  The  arrangement  of  particle 

clusters  formed  by  centrifugal  sedimentation 
of  S iOj  microspheres  (average  diameter  = 
0.7/xm)  in  /f20  at  <;  =  llOm^  (top),  f  =  68mV’ 
( middle f.  and  c  =  OmV  /6ottomy.  (b)  Im¬ 
ages  where  only  the  second  generation  voids 
are  highlighted  as  dark  regions  in  order  to 
illustrate  the  continuous  variations  in  clus- 
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Following  this  observation  on  the  hierarchical  clustering  of  particles,  when  we  now  reexamine 
the  data  of  Fig.  5(a),  the  large  voids  that  are  responsible  for  the  significant  density  decrease  in 
the  subcritical  range  arc  classified  as  third  generation  voids.  In  the  supercritical  range,  third 
generation  voids  are  not  observed.  In  the  subcritical  range,  as  the  clusters  become  stronger  with 
increasing  interparticle  binding  energy,  third  generation  particle  clusters  also  form.  However,  in 
most  ceramic  forming  processes,  these  third  generation  clusters  are  easily  collapsed.  19'  Thus, 
we  have  to  be  mainly  concerned  with  the  microstructural  variations  associated  with  the  second 
generation  particle  clusters  and  the  voids. 

The  most  important  implication  of  this  hierarchical  clustering  during  colloidal  consolidation 
is  that  even  the  colloidal  suspension  routes  cannot  provide  an  easy  solution  to  the  problem 
of  packing  density  inhomogeneities.  Although  colloidally  consolidated  microstructures  are  all 
uniform  at  a  scale  length  larger  than  the  si2e  of  the  first  generation  particle  clusters,  a  monosize 
porosity  distribution  is  not  necessarily  obtained  by  using  monosize  particles.  In  fact,  as  will 
be  illustrated  in  Section  3.0.  polydisperse  particle  size  systems  have  clear  advantages  over  the 
monosize  particle  systems. 


3.0  MICROSTRUCTURAL  EVOLUTION 

When  colloidally  consolidated  microstructures  are  sintered,  first  generation  particle  clusters 
sinter  faster  and  at  significantly  lower  temperatures  than  the  second  generation  void  regions  due 
to  their  higher  packing  density  and  smaller  pore  size.  *°  As  illustrated  in  Fig.  7.  when  we  work 
with  0.8pm  nearly  monosize  a-alumina  (Sumitomo  AKP-151  consolidated  by  colloidal  filtration, 
the  first  generation  particles  are  nearly  fully  dense  at  1200aC  in  1  hr:  *'  but.  in  order  to  densify 
the  second  generation  void  regions  and  to  complete  the  densification  of  the  entire  system,  it 
becomes  necessary  to  work  at  temperatures  as  high  as  1550°C. 


Fig.  7:  Microstruelure  (SEM)  of  0.78pm  a-alumina  powder  compact  after  partial  sintering 
at  1200°C  Tor  I  hr.  Inter-duster  regions  are  highlighted  in  the  negative  image 
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With  this  realization,  we  ask  if  it  is  ever  possible  to  eliminate  the  multimodal  nature  of 
pore  size  distribution  in  colloidally  consolidated  systems  and  pack  the  entire  system  as  the  first 
generation  particle  cluster  itself.  We  envision  three  approaches  to  achieve  this  goal:  (i)  start  the 
clustering  process  only  from  a  single  nucleus  by  a  process  similar  to  the  growth  of  single  crystals 
in  atomic  systems,  (ii)  minimize  the  size  differences  between  the  first  and  second  generation  voids 
by  filling  in  the  voids  with  smaller  particles,  and  (iii)  destroy  the  hierarchical  clustering  after  its 
formation  by  shear  deformation  processes  as  in  injection  molding.  The  first  approach  is  a  difficult 
one  especially  in  the  processing  of  complex  systems.  The  second  and  third  approaches,  definitely 
have  the  potential  for  success.  In  the  following  paragraph,  we  will  illustrate  the  feasibility  of 
the  second  approach. 

In  Fig.  8.  we  report  the  overall  packing  density  of  a  bimodal  particle  size  system  consolidated 
by  the  same  filtration  technique  used  in  the  consolidation  of  the  monosize  particle  size  system  of 
Fig.  7.  -1,  In  agreement  with  previous  studies.  the  maximum  packing  density  is  achieved  at 
a  coarse  to  fine  particle  ratio  of  3:1.  The  sintering  behavior  of  the  end  members  is  compared  with 
that  of  this  3:1  mixture  in  Fig.  9.  Consistent  with  our  analysis,  the  mixture  sinters  to  a  fully 
dense  state  at  a  100°C  lower  temperature  than  the  monosize  coarse  particle  system.  Further, 
when  they  reach  the  fully  dense  state,  the  mixture  displays  smaller  grain  size  than  the  monosize 
coarse  particle  system. 


volume  froction  of  fines 


Fir.  8:  Packing  density  variation  in  the  bimodal  systems  with  end  members  of  0.78  and 
0.21  fim  siie  particles.  21 
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Fig.  9:  Sintered  density  of  monosize  (0.7S  and  O  Sluml  and 
bimodai  systems. 
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4.0  CONCLUSIONS 

The  work  presented  in  this  review  leads  us  to  the  following  conclusions: 

(i)  Colloidal  dispersion  techniques  are  needed  to  eliminate  particle  clusters  that  form  uncon¬ 
trollably  due  to  van  der  VVaals  attractive  interactions.  This  approach  is  especially  useful 
when  we  work  with  multiphase  particle  systems  in  the  10‘6to  10'9m  range. 

(ii)  Transitions  from  dispersed  to  consolidated  state  start  as  a  nucleation  and  growth  process 
of  first  generation  particle  clusters.  These  particle  clusters  form  when  either  the  inter- 
particle  binding  energy.  E.  or  the  particle  number  density,  p.  in  the  suspension  exceeds 
a  critical  value.  We  outline  these  transitions  with  a  theoretically  calculated  E  vs.  p 
colloidal  phase  diagram. 

( in  I  Hierarchically  clustered  microstructures  form  due  to  multiple  clustering  of  particie  clus¬ 
ters.  Consequently,  in  such  hierarchically  clustered  microstructures,  the  classification  of 
the  void  space  follows  a  similar  trend  as  first,  second,  and  third  generation  voids.  Unlike 
the  particle  clusters  that  we  wanted  to  eliminate  in  the  dispersion  stage,  the  size  and 
the  spatial  arrangement  of  the  particie  clusters  that  form  can  be  controlled  by  simply 
changing  the  colloidal  consolidation  path  on  the  phase  diagram. 

(tv)  In  most  ceramic  forming  processes,  voids  that  remain  in  a  consolidated  structure  are 
only  the  first  and  second  generation  voids.  In  sintering  these  particle  compacts,  first 
generation  particie  clusters  sinter  faster  and  at  significantly  lower  temperatures  than  the 
second  generation  void  regions  due  to  their  higher  packing  density  and  smaller  pore  size. 


We  expect  that  the  key  future  developments  in  powder  consolidation  by  colloidal  techniques 
will  complement  the  findings  reported  in  this  paper  in  the  following  areas: 

(i)  In  order  to  achieve  lower  sintering  temperatures,  the  goal  must  be  to  develop  new  tech¬ 
niques  to  consolidate  the  entire  system  as  the  first  generation  particle  cluster  itself  {(i.e., 
a  state  approaching  monosize  pore  distribution).  An  effective  way  to  achieve  this  goal 
is  to  use  polydisperse  particle  size  systems.  Suspensions  of  monosize  particles  can  be  no 
more  than  64  u/'o.  This  barrier  of  64  v/o  may  be  surpassed,  in  terms  of  spare  filling 
concepts,  by  using  a  multimodal  or  continuous  distribution  of  particle  sizes.  Although 
we  have  already  proven  the  validity  of  this  concept  with  a  bimodal  distribution,  we  now- 
need  to  determine  the  proper  particle  size  distribution. 

(ii)  Some  traditional  forming  techniques  (i.e..  slip  casting  or  tape  casting)  are  not  suitable  for 
the  elimination  of  second  generation  voids  due  to  ti.'e  formation  of  flow  channels  during 
the  process  of  filtration  by  capillary  suction  or  drying.  Advantages  of  shear  deformation 
of  polymer /ceramic  composites  (by  extrusion  and  injection  molding)  should  be  exploited 
in  an  attempt  to  reduce  and  narrow  the  size  distribution  of  the  second  generation  voids. 
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(iii)  Presently,  we  mainly  use  organic  polymers  as  binders  and,  or  as  dispersion  media.  The 
elimination  of  the  organic  polymers  during  the  heat  treatment  stage  is  always  a  major 
problem.  This  problem  can  be  avoided  by  using  inorganic  polymers  that  can  be  converted 
to  ceramic  phases  during  heat  treatment.  For  this  purpose,  contributions  of  chemists 
should  be  encouraged  in  the  synthesis  of  inorganic  polymers. 
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Abstract 


In  this  paper,  we  compare  the  sintering  behavior  of  colloidally  prepared  bimodal  o-AIjO)  compacts  to  the 
behavior  of  a  motiosiz.c  coarse  particle  compact.  In  the  range  of  up  to  25  volume  %  fines,  pore  size  and 
overall  pore  volume  decrease  continuously  as  the  fine  particle  fraction  increases.  As  a  result,  bimodal 
particle  compacts  sinter  to  full  density  at  lower  temperatures  than  does  the  coarse  particle  compact.  Also, 
the  grain  sizes  of  nearly  fully  dense  bimodal  compacts  arc  smaller  than  that  of  the  monosizc  coarse  panicle 
compact. 


Abstract 


I 


I.  Introduction 

To  a  great  extent,  the  sintering  behavior  of  a  powder  compact  is  determined  by  the 
microstructure  of  the  green  compact,  which  in  turn  is  controlled  by  the  steps  taken  in  the 
processing  stages  prior  to  sintering.  Three  conditions  must  be  met  in  the  green  compact  in 
order  to  successfully  sinter  at  low  temperatures:  a  small  particle  size,  narrow  size  distribution 
of  small  pores,  and  uniform  spatial  distribution  of  pores.  Herring  (I)  performed  a  theoretical 
comparison  of  sintering  two  different  sized  particle  systems  with  identical  packing  geometry, 
lie  clearly  showed  that  smaller  particles  sinter  much  faster  because  of  their  larger  chemical 
potential.  This  potential  is  due  to  their  smaller  radius  of  curvature.  By  analogy,  it  can  be  seen 
that  if  the  particle  size  is  identical,  a  compact  with  smaller  pores  sinters  faster  than  a  compact 
with  larger  pores  due  to  the  higher  chemical  potential  of  vacancies  in  smaller  pore.  The  pore 
structure  in  a  particle  compact  is  determined  by  both  particle  size  and  processing  technique. 

Recently,  the  trend  has  been  to  use  colloidal  processing  techniques  in  order  to  obtain 
homogeneous  particle  compacts  (2).  However,  the  outcome  of  colloidal  processing  is  always 
a  hierarchical  structure  (3).  In  this  structure,  there  arc  at  least  two  types  of  pores;  1)  smaller 
pores  between  primary  particles  in  the  first  generation  cluster  (first  generation  pores  whose  size 
is  determined  solely  by  primary  particle  size),  and  2)  larger  pores  between  the  first  generation 
clusters  (second  generation  pores  whose  size  is  controlled  by  primary  particle  size  and  processing 
technique  (4)).  Upon  heating,  as  described  earlier,  the  smaller  first  generation  pores  sinter 
faster  than  the  larger  second  generation  pores.(4)  Therefore,  once  the  particle  system  and  the 
processing  technique  are  chosen,  the  sintering  temperature  of  the  resulting  powder  compact 
will  be  determined  by  the  size  of  the  larger  second  generation  pores.  In  order  to  lower  the 
sintering  temperature,  one  must  reduce  the  size  of  the  second  generation  pores. 

In  homogeneous  bimodal  particle  compacts,  fine  particles  will  occupy  the  void  space 
between  coarse  particles.  The  space-filling  concept  suggests  that  the  addition  of  fine  particles 
in  a  coarse  matrix  results  in  the  reduction  of  pore  size  and  overall  porosity.  Although  the 
effect  of  the  addition  of  fine  to  coarse  particles  on  the  pore  size  reduction  is  not  clarified 
experimentally,  the  effect  of  bimodal  particle  systems  on  packing  density  has  been  investigated 
theoretically  (.3)  as  well  as  cxpcrimcntally.(6-8)  In  spite  of  the  advantages  of  bimodal  particle 
compacts,  little  attention  (9-1 1)  has  been  given  to  sintering  them.  liven  the  existing  experimental 
results  (9,||)  do  not  clearly  illustrate  the  advantage  of  bimodal  systems  due  to  deficiencies  in 
the  experimental  procedures.  In  those  experiments,  samples  were  prepared  by  cold-pressing  of 

Sintering  of  Bimodal  n-AljOj  Compacts*  1 


I 


dried  powder.  In  that  process,  although  mixing  of  the  two  components  may  he  proper,  large 
pores  arc  introduced  due  to  the  presence  of  large,  inhomogeneous  agglomerates  tn  the  dried 
state.  These  large  pores  would  tend  to  offset  the  effect  of  fine  particle  addition. 

This  paper  will  provide  data  on  the  packing  behavior  of  colloidally  consolidated  himodal 
compacts  and  will  demonstrate  that  pore  size  decreases  with  the  addition  of  lines  to  the  coarse 
particle  compacts.  Also,  data  on  the  sintering  behavior  will  demonstrate  that  as  a  result  of  the 
reduction  of  pore  size,  the  himodal  compacts  sinter  to  full  density  at  lower  temperatures  than 
docs  the  coarse  particle  compact. 


II.  Experimental  Procedure 


As  used  nearly  monosi/c,  pure  n-AI^Ot  powders  (Sumitomo  Chemical  America,  Inc..  New 
York,  NY  (AKP-15  and  AKP-50,  Purity  >  99.995%)  with  median  particle  diameters  of  0.78 
and  0.21  pm  as  the  coarse  and  the  fine  particles,  respectively.  Himodal  mixtures  were  prepared 
at  the  fine  particle  fractions  of  0.14,  0.17.  0.20,  0.25,  0.35,  0.40.  0.50,  0.60,  0.70,  0.S0,  and  0.90 
(by  volume,  weight,  or  number?).  All  particle  suspensions  were  dispersed  electrostatically  in 
distilled  water  at  solids  content  of  50  volume  %  or  greater  in  order  to  obtain  homogeneous 
particle  mixtures.  Detailed  information  on  the  prevention  of  particle  segregation  at  high  solids 
content  is  given  clscwhcre.(l2)  Proper  dispersion  of  the  n-A^Oj  powders  in  water  was  obtained 
by  adjusting  the  pi  I  IflFishcr  Scientific,  Pittsburgh,  PA  (Accumct  pll  meter)"  of  suspensions 
to  2.5  with  MCI  and  by  stirring  the  suspensions  vigorously  on  a  magnetic  stirring  plate.  To 
facilitate  the  break-up  of  soft  agglomerates,  ultra  sonic  vibration  (Fisher  Scientific.  Pittsburgh, 
PA  (Sonic  Dismembrator  300))  was  applied  occasionally. 

Dispersed  suspensions  were  cast  into  5cm  x  5cm  x  1cm  teflon  frames  placed  on  a  plaster 
plate  made  at  the  consistency  of  75.  After  approximately  3  hours,  the  cakes  were  removed 
from  the  plaster  plates  and  dried  at  room  temperature  for  24  hours.  All  sides  of  the  dried  slabs 
were  ground  off  in  order  to  remove  the  inhomogcncitics  generated  during  filtration.  These 
inhomogcncitics  included  artifacts  on  the  sides  caused  bv  the  resistance  from  the  teflon  frame, 
contamination  of  the  bottom  from  the  plaster  plate,  and  the  skin  on  the  top  surface  formed 
by  sedimentation.  From  the  ground  slab,  approximately  I  cm  x  I  cm  x  0.8cm  samples  were  cut. 
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These  were  kept  at  I  ICC  in  an  air-circulating  oven  (Fisher  Scientific,  Pittsburgh,  PA  (Isotemp 
oven))  until  they  were  needed  for  the  measurements  and  sintering. 


Samples  containing  14,  17,  20  and  25  volume  %  fine  particles  were  sintered  in  stagnant 
air  at  temperatures  between  1000°C  and  I550°C  for  I  hour.  The  samples  were  loaded  in  the 
furnace  (Findbc.g,  Watertown,  WI)  at  room  temperature  and  the  furnace  was  heated  up  to 
the  desired  peak  temperature  in  30  minutes.  After  soaking  for  I  hour  at  the  peak  temperature, 
the  furnace  was  turned  ofT  automatically  and  was  allowed  to  cool  to  room  temperature. 

Densities  were  measured  (Mcttlcr  Instrument  Corp.,  Ilighs'own,  N.I  (Mcttlcr  AF.I60))  by 
a  standard  liquid  displacement  technique  using  distilled  water  for  the  sintered  sample  and 
kerosene  for  the  unsintcred  powder  compacts.  We  calculated  closed  as  well  as  open  porosities. 
Reported  values  are  the  mean  of  at  least  9  measured  samples.  Pore  neck  si7.c  distributions  of 
sintered  as  well  as  green  powder  compacts  were  measured  by  mercury  porosimetry  (American 
Instrument  Co.,  Silver  Spring,  MD  (Aminco  porosimeter)).  The  maximum  pressure  applied 
was  15,000  psi.  From  the  amount  of  mercury  intrusion  and  applied  pressure,  the  pore  neck 
size  was  calculated  by  the  Washburn  equation  (13)  using  0.485  N/m  and  140”  as  the  surface 
tension  of  mercury  and  the  contact  angle  of  mercury  on  n-AljOj  particles,  respectively. 

Microstructures  of  sintered  samples  were  observed  by  scanning  electron  microscopy  (Cam¬ 
bridge  Instrument,  Cambridge,  Fngland  (Streoscan  Mark  II-A)).  These  SFM  samples  were 
polished  with  I  pm  diamond  paste  on  a  nylon  cloth.  In  order  to  reveal  the  grain  boundaries 
for  SF.M  observation,  polished  samples  were  thermally  etched  at  1200"C  for  1  hour  for  samples 
sintered  at  I300X  or  below  and  at  I300”o  for  I  hour  for  samples  sintered  at  I400”C  or  above. 
The  heating  schedule  for  thermal  etching  was  identical  to  that  for  sintering. 


III.  Results  and  Discussion 


The  variation  of  packing  densities  in  bimodal  compacts  arc  plotted  as  a  function  of  volume 
fraction  of  fines  in  Figure  I.  The  results  of  the  present  study  agree  well  with  the  previous 
experimental  results  (6,7)  which  show  the  deviation  from  the  theoretical  model. (6)  This  deviation 
from  an  ideal  fine  model  was  subsequently  attributed  to  the  particle  size  segregation  that 
resulted  from  improper  mixing.(  14,15) 
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Bimodal  mixtures  in  this  study  do  not  satisfy  the  size  ratio  (diameter  of  fincs/diamctcrs 
of  coarse)  assumed  for  the  ideal  model.  Therefore,  the  results  shown  in  figure  1  cannot  be 
compared  to  the  ideal  model  directly.  However,  close  examination  of  figure  1  shows  a  non-linear 
increase  in  packing  density  in  the  coarse-rich  region;  that  is,  packing  density  increases  with 
fines  at  a  decreasing  rate.  In  the  present  study,  with  the  use  of  suspensions  that  contained  > 
50  volume  %  solid,  size  compositional  inhomogcncitics  resulting  from  particle  segregation 
during  consolidation  were  prevented  as  confirmed  through  hydraulic  resistance  mcasurc- 
mcnts.(12)  In  spite  of  this  precaution,  our  density  data  still  deviates  from  linearity.  This 
suggests  that  the  non-linearity  results  from  another  inhomogcncity _ pore  density  fluc¬ 

tuation  due  to  the  presence  of  first  generation  clusters.  The  interpretation  of  this  is  that  the 
addition  of  fines  docs  not  decrease  the  second  generation  porosity  (between  the  first  generation 
clusters)  so  effectively  as  it  decreases  the  first  generation  porosity  (within  the  first  generation 
clusters). 

As  shown  in  figure  2,  channel  neck  size  decreases  exponentially  as  the  fraction  of  fines 
increases,  indicating  that  the  initial  small  fraction  of  fines  is  the  most  cflcctivc  for  the  reduction 
of  pore  neck  size.  This  behavior  is  consistent  with  the  concept  that  in  uniformly  mixed  bimodal 
compacts,  fine  particles  act  as  space-filling  units  and  thus  the  intrusion  neck  size  decreases  as 
fine  particles  occupy  space  between  coarse  particles.  It  is  important  to  note  that  mercury 
intrusion  provides  information  about  the  size  of  pore  neck,  not  actual  pore  size  (16).  However, 
in  the  present  study,  a  smaller  neck  size  infers  a  smaller  pore  size  as  confirmed  by  the  partially 
sintered  microstructurcs  shown  in  figure  6. 

The  sintering  behaviors  of  compacts  containing  0,  14,  25,  and  100  volume  %  fine  particles 
arc  shown  in  figure  3.  It  is  reasonable  to  compare  the  sintering  behavior  of  bimodal  compacts 
to  the  pure  coarse  particle  compact  since  the  bimodal  compacts  contain  at  most  25  volume  % 
fines.  The  coarse  particle  compact  reaches  full  density  at  lSStTC,  while  the  bimodal  compacts 
containing  14%  and  25%  fines  reach  full  density  at  150°C  and  1450°C,  respectively.  The  pure 
fine  particle  compact  reaches  full  density  at  1300°C.  However,  the  sintering  of  the  fine  particle 
compact  will  not  be  discussed  further  since  the  main  purpose  of  this  paper  is  to  investigate 
how  the  addition  of  fines  to  the  coarse  particle  compact  affects  the  sintering  behavior. 

Close  examination  of  the  sintering  curve  reveals  that  the  differences  between  sintered 
densities  of  coarse  particle  and  bimodal  compacts  at  each  sintering  temperature  arc  always 
greater  than  the  differences  between  their  packing  densities.  This  holds  until  they  reach  ap- 
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proximately  90%  of  theoretical  density  (TD).  For  example,  the  packing  density  difference 
between  the  coarse  particle  compact  and  the  bimodal  compact  with  14%  fines  is  only  ~4%. 
However,  the  sintered  density  difference  at  I300°C  increases  to  ~9%.  The  above  observation 
clearly  demonstrates  that  the  increase  in  the  packing  density  of  bimodal  compacts  is  not  the 
only  cause  for  their  improved  sintering  behavior.  Another  factor  which  contributes  to  this 
enhanced  behavior  is  the  reduction  of  pore  size  with  the  addition  of  fine  particles  (Figure  2). 

In  figure  4,  the  stability  of  pore  channels  is  shown  with  a  plot  of  the  pore  channel  neck 
diameter  as  a  function  of  the  sintered  density.  In  general,  the  pore  channel  neck  diameters 
decrease  as  the  sintered  densities  increase.  Finally,  at  nearly  full  density,  the  pore  size  becomes 
zero,  indicating  that  any  pores  left  in  the  compacts  arc  closed.  The  pore  neck  growth  in 
bimodal  compacts  during  the  initial  stage  of  sintering  is  not  yet  understood. 

One  important  point  to  note  in  figure  4  is  the  cross-over  of  pore  neck  size.  Initially,  the 
neck  size  decreases  with  the  increasing  fine  fraction  at  a  given  sintered  density.  However,  at 
~87%  TD,  the  pore  neck  size  inversion  occurs  between  the  two  bimodal  compacts.  Also, 
another  neck  size  inversion  occurs  between  the  bimodal  compacts  and  the  coarse  particle 
compact  at  ~92%  TD.  As  a  result,  above  ~92%  TD,  the  bimodal  compact  with  25%  fines 
has  the  largest  pore  neck  size,  and  the  pure  coarse  particle  compact  has  the  smallest  pore  neck 
size.  This  neck  size  inversion  indicates  that  the  addition  of  fines  improves  the  stability  of  pore 
channels,  providing  against  the  closure  of  pores  and  subsequent  closed  pore  formation,  although 
initially  the  addition  of  fines  to  the  coarse  particle  compact  decreased  pore  size.  Due  to  the 

improved  pore  stability  bimodal  compacts,  pores  remain  open  until  the  compacts  _ 

to  nearly  full  density. 

Figure  5  shows  decreasing  open  porosity  in  bimodal  compacts  during  sintering.  Data  for 
compacts  containing  nothing  but  open  pores  would  fall  directly  on  the  diagonal  line.  For  the 
coarse  particle  compact  all  the  data  points  are  on  this  line  up  to  ~95%  sintered  density  where 
the  density  falls  below  the  line,  indicating  the  formation  of  closed  pores.  The  position  of  the 
data  point,  midway  between  the  diagonal  line  and  the  base  line,  indicates  that  about  50%  of 
the  total  remaining  porosity  is  closed  pores.  Bimodal  compacts  do  not  show  any  detectable 
deviation  from  the  diagonal  line  throughout  the  entire  sintering  schedule.  This  result  shows 
that  the  addition  of  fines  improves  the  stability  of  pore  channels  against  the  formation  of 
closed  pores  which  hinders  the  sintering  to  full  density. (17) 
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The  microstructures  of  the  coarse  compact  and  of  the  bimodal  particle  compacts  with  25% 
fines  arc  shown  in  figure  6.  Both  compacts  were  sintered  at  IISOT.'  for  I  hour.  These 
microstructurcs  show  the  dramatic  difference  between  the  initial  sintering  behaviors  of  these 
compacts.  At  M50°C,  the  coarse  particle  compact  is  barely  sintered  and  individual  particles 
arc  still  seen,  while  the  bimodal  compact  with  25%  fines  show  large,  fully  sintered  patches. 
However,  large  pores  which  arc  formed  by  the  flow  of  water  during  colloidal  filtration  and 
which  are  between  sintered  patches  (flow  channels)  remain  unsintcrcd.  These  microstructurcs 
show  that  the  pores  in  a  bimodal  compact  is  generally  smaller  than  in  the  coarse  particle  compact. 

Figure  7  shows  the  microstructurcs  of  the  coarse  and  the  25%  fine  compacts  sintered  to 
nearly  full  density  (97%  TO).  In  order  to  sinter  these  compacts  to  the  same  density  at  the 
same  temperature,  the  coarse  particle  compact  was  held  at  MOOT'  for  4  hours  while  the  25% 
fine  compacts  were  held  for  I  hour  at  that  temperature.  This  treatment  prevented  very  different 
grain  growth  kinetics  which  would  result  from  sintering  at  different  temperatures  (17).  It  is 
evident  that  the  coarse  particle  compact  has  a  much  larger  grain  size  than  the  bimodal  compact. 

Grain  growth  during  sintering  initiates  from  regions  which  densifv  early.  In  powder  com¬ 
pacts,  densely  packed  clusters  sinter  much  faster  than  the  loose  inter-cluster  regions.  While 
loosely  packed  intcr-clustcr  regions  arc  still  densifying,  fully  dense  clusters  arc  suffering  grain 
growth.  When  the  pore  size  difference  between  intra-cluster  pores  (first  generation  pores)  and 
inter-cluster  pores  (second  generation  pores)  is  large,  more  time  is  required  to  densifv  intcr-clustcr 

pores.  This  results  in _  grain  growth.  In  Figure  _  the  coarse  particle  compact 

was  sintered  for  4  hours,  while  the  bimodal  compact  was  sintered  for  only  I  hour,  showing 
that  the  grain  size  of  the  bimodal  compact  is  smaller  than  that  of  the  coarse  particle  compact. 


IV.  Conclusions 

We  investigated  the  effects  of  bimodality  on  packing  and  subsequent  sintering. 

The  addition  of  fine  particles  results  in  I)  an  increase  of  overall  packing  density,  and  2) 
in  the  reduction  of  pore  size.  These  two  contributions  enhaner  the  sintering  behavior  of 
bimodal  compacts.  With  the  addition  of  25%  fines,  the  sintering  temperature  of  the  a-A^Oj 
compact  was  reduced  by  |00"C  Due  to  the  lower  sintering  temperajure  and/or  shorter  sintering 
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time  for  the  bimodal  particle  compacts,  their  final  grain  size  was  smaller  than  that  of  the  coarse 
particle  compact.  In  addition,  bimodal  compacts  arc  stable  against  the  formation  of  closed 
pores.  As  a  result,  all  pores  remain  open  until  full  density  is  nearly  attained. 
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FIGURE  CAPTIONS 


Fig.  I:  The  variation  of  packing  densities  with  the  fraction  of  fines. 

Fig.  2:  The  variation  of  channel  neck  sizes  of  green  compacts  with  the  fraction  of  fines. 
Tig.  3:  The  sintered  densities  vs.  temperatures  of  bimodal  a-AFOj  powder  compacts. 

Fig.  4-. 

Fig.  5:  Open  porosities  vs.  sintered  densities  of  bimodal  powder  compacts. 

Fig.  6:  (a)  0%  fine,  (b)  25%  fine  sintered  at  1150’C  I  hr 

Fig.  7:  Microstructure  at  identical  sintered  density  (97%  TO),  (a)  I400"C,  4  hrs.  0  %  fine; 
(b)  MOOT,  I  hr,  25%  fine. 


FIGlJRi:  CAPTIONS 


9 


CHANNEL  NECK  DIAf 


VOLUME  FRACTION  OF  FINE 


The  variation  of  channel  neck  sizes  of  green 
cocpacts  with  the  fracclon  of  fines. 


Figure 
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LONG  RANGE  PARTICLE  SEGREGATION  IN  COLLOIDAL  FILTRATION 


V.  I  Hr  ala 

This  paper  will  be  submilled  and  published  in  the  near  future. 

Powder  consolidation  mechanics  in  colloidal  filtration  of  bimodal  particle  size  system  was 
analyzed  theoretically  and  experimentally.  Dominant  consolidation  process  changes  from  fil¬ 
tration  to  sedimentation  at  the  critical  time  ts.  Although  the  time  ts  decreases  with  an  increase 
in  concentration  of  the  suspension,  the  height  of  the  layer  consolidated  through  filtration  by 
time  ts  becomes  higher  at  higher  concentration,  bong  range  particle  segregation  due  to  differ¬ 
ential  mass  occurs  after  the  time  ts.  However,  the  particle  segregation  can  he  prevented  by 
increasing  the  concentration.  Packing  density  and  homogeneity  of  microstructure  of  the  con¬ 
solidated  layer  increase  with  prevention  of  the  particle  segregation.  These  concepts  on  particle 
segregation  in  bimodal  system  were  confirmed  with  the  consolidation  experiment  in  the  bimodal 
system  of  0.8pm  (75  vol  %)  -  0.2pm  (25  vol  %>  for  A^Oj. 
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CHARACTERIZATION  OF  MICROSTRUCTURAL 
EV0LDT10N  BY  MERCURY  POROSIMETRY 

C.  Han,  I.  A,  Aksay,  and  0.  J.  Whictemore 

Department  of  Materials  Science  and  Engineering 
College  oi  Engineering 

University  of  Washington,  Seattle,  WA  98195 


ABSTRACT 

Evolution  of  micro  structure  during  the  sintering  of  i-AhO ) 
compacts  formed  by  colloidal  filtration  was  studied  by  mercury 
porosimetry.  It  is  shown  that  the  decay  of  the  flow  channels 
created  during  filtration  plays  an  important  role  in  the  aeneifi- 
cation  proceee.  The  retention  of  open  channels  until  the  final 
stages  of  sintering  was  essential  in  achieving  high  sintered  densi¬ 
ties. 


INTRODUCTION 

In  the  processing  of  ceramics  by  powder  consolidation  tech¬ 
niques,  steps  taken  in  the  presintering  stages  play  an  important 
role  in  the  densif ication  behavior  during  sintering.  For  example, 
one  essential  requirement  is  to  form  the  green  compacts  with  uni¬ 
form  pore  size  distribution  in  order  to  minimize  the  variations  in 
local  densif ication  rates  during  sintering.  Experimental'  5  and 
theoretical 4  ’ 1  studies  have  clearly  demonstrated  that  nonuniformi¬ 
ties  in  a  green  compact  are  often  amplified  during  the  subsequent 
sintering  stages  as  a  result  of  differential  sintering  rates. 

A  recent  trend  in  ceramics  processing,  particularly  when  work¬ 
ing  with  submicron  size  powders,  has  been  the  use  of  colloidal 
dispersion  techniques  to  attain  uniform  microstructures.'  In  col¬ 
loidal  techniques,  submicron  size  powders  that  otherwise  spon¬ 
taneously  agglomerate  due  to  van  der  Waals  attractive  forces  are 
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kept  dispersed  is  a  fluid  medium  by  controlling  the  repulsive 
interparticle  interactions.  9  Once  a  uniform  dispersion  in  the 
colloidal  suspension  stage  is  attained,  the  next  goal  is  then  to 
retain  this  uniformity  while  the  fluid  medium  is  being  eliminated 
during  consolidation. 

Studies  have  shown  that  transitions  from  a  dispersed  colloidal 
suspension  to  a  consolidated  state  resemble  fluid  to  solid  phase 
transitions  observed  in  atomic  systems.  For  a  given  interpar- 
tide  interaction  potential,  this  fluid  to  solid  phase  transition 
takes  place  at  a  critical  particle  concentration  with  the  nuclea- 
tion  of  densely  packed  particle  clusters  as  a  multiple  sice  nuclea- 
tion  process.  A  direct  outcome  of  this  transition  by  a  multiple 
site  nucleation  process  is  that  the  resultant  microstructures  al¬ 
ways  contain  microagglomerates  which  we  will  refer  to  aa  domains 
hereafter.  Due  to  the  formation  of  these  domains,  at  least  two 
types  of  pores  result:  (1)  small  intra-domain  pores,  and  (2)  larger 
inter-domain  pores.  The  oose  important  implication  of  the  domain 
formation  is  that  even  the  colloidal  suspension  routes  cannot 
provide  an  easy  solution  to  the  problem  of  packing  density  inhomo- 
geneicies.  Furthermore,  if  the  suspensions  are  consolidated  by 
filtration,  the  inter-domain  pores  are  modified  by  the  flow  of  the 
dispersion  medium  which  goes  into  the  filter  medium  through  the 
inter-domain  voids,  while  the  mtra-domain  voids  remain  un¬ 
changed.  *‘  The  bimodality  of  the  pore  size  distribution  then 
becomes  more  distinct. 

In  sintering  of  these  compacts,  domains  sinter  faster  than  the 
inter-domain  regions  due  to  their  higher  packing  density  and  smal¬ 
ler  pore  size  (Fig.  1).  Because  of  this  differential  sintering 
rate,  uniform  sintering  cannot  be  expected.  In  this  paper  we 
present  data  on  the  sintering  behavior  of  compacts  formed 

by  colloidal  filtration  and  illustrate  that  the  pores  associated 
with  the  inter-domain  regions,  i.e.  filtration  channels,  control 
the  densif ication  behavior  during  the  final  stages  of  sintering. 

In  addition,  we  provide  data  on  the  sintering  behavior  of  monosize 
and  bimodal  particle  size  systems  and  illustrate  that  sintering 
rates  can  be  enhanced  with  bimodal  systems.  Finally,  we  illustrate 
the  importance  of  mercury  porosimetry,  especially  in  the  charac¬ 
terization  of  the  decay  of  filtration  channels  during  sintering. 


EXPERIMENTAL  PROCEDURE 

Nearly  monosize  s -A l:Oipowders*  with  median  particle  diame¬ 
ters  of  0.78  and  0.21  ~m  were  used  as  the  coarse  and  fine  particle 


♦Sumitomo  Chemical  America,  Inc.,  New  York,  NY,  AKP-15  (0.78  -  m) 
and  AKP-50  (0.21  ~m),  with  >99.99X  purity. 


340 


Fig.  1.  Mierostructure  (SEM)  of  0.78  um  powder  compact  after  par¬ 
tial  sintering  at  1200° C  for  1  hr.  Inter-domain  regions 
are  highlighted  in  the  negative  image. 


systems.  In  addition,  these  powders  were  used  to  prepare  four 
binary  mixtures  at  fine  particle  fractions  of  0.14,  0.17,  0.20,  and 
0.25.  Aqueous  colloidal  suspensions  of  the  monoaize  and  binary 
systems  at  particle  concentrations  of  55  I  by  volume  were  prepared 
at  pH-2.5  with  HC1  additions.  Ultrasonic  vibration  was  applied 
occasionally  to  facilitate  the  breakup  of  the  soft  agglomerates. 
Suspensions  were  then  cast  on  gypsum  molds.  Samples  were  prepared 
from  the  filtered  cakes  and  sintered  in  air  at  temperatures  between 
1200 ®C  and  1500°C  for  1  hour.  Mercury  porosimetry  and  scanning 
electron  microscopy  were  used  for  characterization. 


RESULTS  AND  DISCUSSION 

The  variation  of  packing  density  with  the  fraction  of  fine 
particles  is  shown  in  Fig.  2.  The  packing  densities  of  compacts 
initially  increased  with  the  addition  of  fine  particles^as^expected 
baaed  on  previous  theoretical  and  experimental  studies.  When 

fine  particles  are  added  to  a  system  of  much  larger  coarse  parti¬ 
cles,  fine  particles  first  fill  the  voids  between  the  coarse  parti¬ 
cles.  Therefore,  until  all  the  voids  are  filled,  the  partial  molar 
volume  of  fine  particles  is  zero,  and  the  packing  density  of  the 
mixture  increases  with  the  fraction  of  the  fine  particles.  After 
all  the  voids  are  filled,  additional  fine  particles  expand  the 
volume  of  the  mixture  compact,  and  then  the  packing  density  dec¬ 
reases  with  the  fraction  of  fine  particles. 


3*1 


A  theoretical  model  on  the  variation  of  packing  density  in 
homogeneously  packed  bimodal  systems  was  first  developed  by  Fur¬ 
nas.  However,  in  subsequent  experimental  studies,'"'  it  has 
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Fig.  2.  Packing  density  variation  in  the  bimodal  system  with  end 
members  of  0.78  and  0.21  jm  size  particles. 


been  shown  that  experimental  data  always  displayed  lower  densities 
than  the  ones  predicted  by  the  model.  Our  data  as  presented  in 
Fig.  2  similarly  display  deviation  from  Furnas'  idealized  model. 

In  previous  studies,  19  ‘  inhomogeneities  in  the  mixing  of  coarse 
and  fine  particles  were  proposed  as  the  cause  oi  this  deviation. 
When  the  mixing  of  bimodal  particles  is  not  uniform,  the  partial 
molar  volume  of  the  fine  particles  does  not  follow  the  value  pre¬ 
dicted  by  the  idealized  model  but  deviates  from  ideality  as  Che 
inbomogeneity  of  the  mixing  increases. 

When  vorking  with  colloidal  systems,  homogeneity  in  mixing  can 
be  achieved  in  the  suspension  stage  prior  to  consolidation.  How¬ 
ever,  problems  in  long-range  particle  segregation  (on  a  dimensional 
scale  larger  than  the  particle  domains)  may  arise  during  the  con¬ 
solidation  stage  due  to  differential  sedimentation.  In  the  present 
study,  with  the  use  of  suspensions  that  contained  >50  2  by  volume 
of  particles,  long-range  segregation  of  particles  during  the  con¬ 
solidation  stage  was  prevented  as  confirmed  through  electron  mic¬ 
roscopic  examination  and  hydraulic  resistance  measurements.'8  In 
spite  of  this  precaution,  the  fact  that  our  density  data  still 
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displayed  deviation  fro*  Fur- 
naa'  aodal  vould  suggest 
ataort-ranga  inhoaoganaiciaa. 

Tha  iaplication  ia  that,  con- 
aiatant  with  tha  formation  of 
particle  doaaina  and  tha  for¬ 
mation  of  filtration  channela 
around  thaaa  domaina,  fine 
particlea  do  not  decreaae  tha 
intar-domain  porosity  aa  af¬ 
fectively  aa  the  intra-domain 
poroaity. 

Channel  iizee  ae  measured 
by  mercury  intruaion  contin¬ 
uously  decreased  with  in¬ 
creasing  fraction  of  fina 
particles  (Fig.  3).  This 
behavior  it  consistent  with 
the  concept  that,  in  uniform¬ 
ly  mixed  bimodal  compacts, 
fine  particles  act  aa  space 
filling  units  and  thus  the 
intruaion  neck  size  decreases 
aa  fine  particlea  occupy 
space  between  the  coarse 
ones.  However,  it  is  impor¬ 
tant  to  note  that,  during  the 
intrusion  of  mercury  into 
pores  with  many  openings, 
mercury  penetrates  into  the 
pores  through  the  largest  opening,  one  which  is  still  smaller  than 
the  largest  dimension  of  the  channels  connected  by  the  necks. 
Therefore,  mercury  intrusion  data  interpret  pores  as  being  cylin¬ 
drical  in  shape  with  a  diameter  equal  to  the  neck  diameter.  In 
fact,  a  comparison  of  the  data  presented  in  Fig.  3  with  the  micro¬ 
structure  of  Fig.  1  reveals  that,  while  the  channel  necks  deter¬ 
mined  by  porosimetry  ere  ell  smaller  than  0.2  -m,  the  microstruc¬ 
ture  clearly  possesses  many  pores  chat  are  10  times  larger  than  che 
necks . 

During  sintering  of  powder  compacts,  smaller  pores  disappear 
faster  than  larger  pores.  Similarly,  the  channel  necks  decay 
faster  than  the  main  body  of  the  channel  and,  at  a  certain  stage  of 
densif ication,  this  results  in  the  formation  of  isolated  pores.  At 
this  stage,  whether  these  isolated  pores  will  be  in  the  shrinkage 
regime  or  not  is  determined  by  the  number  of  grains  surrounding  a 
pore  and  the  dihedral  angle  at  the  pore/grain  boundary  junc¬ 
tions.1’^1  Therefore,  it  becomes  necessary  to  control  the  size 
of  the  isolated  pores  and  thus  the  number  of  grains  surrounding  a 
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Fig.  3  Channel  neck  size  frequency 
of  monosize  and  bimodal 
compacts  obtained  by  mer¬ 
cury  intrusion. 
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pore  through  variations  in  chancel  morphology  that  in  turn  affects 
their  decaying  behavior. 


Fig.  4.  Change  of  Che  largest  neck  size  during  the  sintering  of 
monosize  (0.78  and  0.21  .. m )  and  bimodal  (3:1)  systems. 


Variations  in  the  channel  neck  size  during  the  densif ication  of 
the  fine,  coarse,  and  bimodal  systems  are  compared  in  Fig.  4. 
During  the  initial  stage  of  sintering,  channel  neck  growth  was 
observed  in  the  mixture  and  the  fine  particle  compacts,  whereas  no 
neck  growth  was  observed  in  the  coarse  particle  compacts.  On 
further  sintering,  necks  shrank  in  all  cases  and  eventually  closed 
at  approximately  around  the  temperature  of  the  last  data  point  in 
each  corresponding  curve.  The  temperatures  at  which  the  neck 
closure  occurred  decreased  with  decreasing  initial  neck  size.  How¬ 
ever,  it  is  important  to  note  that,  at  the  point  of  neck  closure, 
the  compact  with  1002  fine  particles  still  contained  52  porosity 
(now  as  closed  pores}  while  both  the  binary  mixture  as  well  as  the 
coarse  particle  compacts  had  less  than  22  porosity. 

The  detrimental  effect  of  this  early  neck  closure  upon  the 
densif ication  behavior  of  fine  particle  compacts  in  the  final  stage 
of  sintering  is  illustrated  in  Figs.  5  and  6.  Fine  particle 
compacts  initially  displayed  the  fastest  sintering  up  to  1300° C 


5)»  At  this  point,  dus 
to  thn  isolation  of  channals 
**  closed  pores  that  appear 
to  be  in  the  growth  rather 
than  the  shrinkage  regime, 
farther  denaif ieation  practi¬ 
cally  stopped.  On  the  other 
hand,  coarse  particle  com- 
pacts  and  the  mixtures  showed 
lower  densif ieation  rates 
initially;  however,  final 
sintered  densities  were  high¬ 
er  than  that  of  the  fine 
particle  compacts.  In  com¬ 
paring  the  mixture  compacts 
and  the  coarse  psrticle  com¬ 
pacts,  it  is  apparent  that 
che  mixtures  always  sintered 
faster  chan  Che  coarse  parti¬ 
cle  compacts  (Fig.  5). 


Fig.  5.  Sintered  density  of  mono¬ 
size  (0.78  and  0.21  urn) 
and  bimodal  (3:1)  systems. 


Fig.  6.  Microstructure  (SEM) 
of  0.21  -m  powder 
compact  after  reach¬ 
ing  an  end  point 
density  of  98.5  X  TD 
at  1300°C  for  3  hr. 
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CONCLUSIONS 

In  this  study  of  microstructura 1  evolution,  where  mercury  poro- 
aioetry  was  used  as  the  major  characterization  tool,  the  following 
conclusions  can  bs  made: 

(1)  In  the  densif ication  of  alumina  compacts  formed  by  colloi¬ 
dal  filtration  of  submicron  size  particles,  the  decay  of  channels, 
which  are  formed  during  the  filtration  stage,  affected  the  overall 
microstructura 1  evolution.  Channel  closure  at  lower  densities 
resulted  in  lower  end-point  densities. 

(2)  The  addition  of  finer  particles  was  shown  not  to  be  detri¬ 
mental  to  sintering.  On  the  contrary,  the  sintering  temperature 
was  reduced  in  bimodal  mixture  compacts. 
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HIGH  STRENGTH  POROUS  CERAMICS.  I.  PROCESSING 


R.  Sonuparlak  and  I. A.  Aksay 

This  paper  will  he  submitted  and  published  in  the  near  future. 

In  this  paper,  wc  outline  the  methodology  of  processing  porous  ceramics  with  controlled 
pore  size,  shape,  and  spatial  distribution.  In  the  generation  of  pores  with  controlled  size  and 
shape  in  an  alumina  matrix  system,  we  used  polystyrene  microsphcrcs  that  were  processed  by 
a  two-stage  polymerization  and  seeding  technique.  Alumina  and  polystyrene  was  codispcrsed 
cither  electrostatically  or  stcrically  in  an  aqueous  medium.  Specimens  or  porous  alumina  were 
fabricated  cither  by  homogeneous  distribution  of  pores  all  around  the  sample  or  by  keeping 
them  inside  the  sample.  Controlled  decomposition  of  the  organic  microsphcrcs  was  necessary 
to  avoid  cracking  of  the  compacts  during  sintering.  Wc  also  investigated  flexural  strength  and 
its  variability  in  these  designs  with  controlled  size,  shape,  and  distribution  of  porosity. 
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POROUS  Al20 ?  WITH  CONTROLLED  PORES.  II.  THE  EFFECTS  OF  PORES  ON 

FRACTURE  PARAMETERS 


M.  Sakai.  R.  Sonuparlak,  and  LA.  Aksay 
This  paper  will  be  submilled  and  published  in  the  near  future. 

The  primary  objective  of  the  present  work  is  to  discuss  the  effect  of  pore  size  on  the 
fracture  parameters  of  polycrvstailine  aluminas  with  perfectly  spherical  pores  as  a  fraction  of 
porosity.  The  relationship  between  fracture  strength,  fracture  toughness,  modulus  of  elasticity 
and  intrinsic  flaw  size  was  studied  by  measuring  all  four  parameters  for  samples  of  a  given 
porosity  and  diameter  of  spherical  pores.  Fracture  strength,  modulus  of  elasticity  and  fracture 
toughness  were  measured  by  the  Knoop-indcntation  three-point  bend  bw  method,  compliance 
method,  and  chevron-notched  three-point  bend  bw  method,  respectively.  Experimental  results 
arc  compared  with  various  theories  that  have  been  developed  for  the  mechanical  properties 
materials  comprising  a  continuous  isotropic  matrix  and  pores. 
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SPINEL  PHASE  FORMATION  AT  THE  980°C  EXOTHERMIC  REACTION 
IN  THE  KAOLINITE  TO  MULLITE  REACTION  SERIES* 


B.  Sonuparlak,^  M.  Sarikaya,  and  I.  A.  Aksay 

Department  of  Materials  Science  and  Engineering 
College  of  Engineering 
University  of  Washington 
Seattle,  Washington  98195 


ABSTRACT 

With  the  use  of  differential  thermal  analysis,  x-ray  diffraction , 
and  transmission  electron  microscopic  techniques ,  ue  shoved  that  gamr.a- 
AI2C2  typo  spinel  phase  is  solely  responsible  for  the  9S0°C  exotherm  in 
the  kaolinite  to  nrullite  reaction  series.  Transmission  electron  micros¬ 
copic  characterization  indicated  that  the  spinel  formation  is  proceeded 
by  a  phase  separation  in  the  amorphous  dehydroxy  bated  kaolinite  matrix. 
Chemical  analysis  of  the  spinel  phase  by  energy  dispersive  x-ray  spec¬ 
troscopy  revealed  a  nearly  pure  Al^Og,  composition. 


October  1986 


*  Presented  at  the  37th  Pacific  Coast  Regional  Meeting  of  the  American 
Ceramic  Society,  San  Francisco,  CA,  October  30,  1984  (/I55-B-84P)  . 
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1.0  INTRODUCTION 


The  kaolinite  (AljOj'ZSiOj^H.o)  Co  muilite  (3 AI2O3 ' 2Si02)  reaction 
series  has  been  the  subject  of  various  studies  for  nearly  a  century,^  and 
still  retains  its  active  status  as  evidenced  in  most  recent  publics t ions . 
However,  these  studies  have  not  resolved  the  questions  concerning  the  issue 
of  which  phase  formation  is  responsible  for  the  exothermic  reaction  commonly 
observed  at  around  980°C. 

The  first  step  in  the  reaction  series  is  the  formation  of  an  amorphous 
dehydration  product  identified  as  metakaolinite  (AI2O3 ‘ 25102^  after  an  endo¬ 
thermic  reaction  ac  -  550°C.  In  the  next  step,  the  formation  of  crystalline 
product  (s)  from  this  amorphous  intermediate  phase  results  in  a  prominent 
exothermic  reaction  at  -  980°C.  In  most  studies^~^  dealing  with  this 
reaction  series,  the  key  issue  has  been  the  identification  of  the  reaction 
product  that  results  in  this  exothermic  reaction. 

The  reaction  mechanisms  proposed  for  the  980°C  exotherm  can  be 
classified  into  two  general  groups.  In  the  first  group,  the  common  feature 
is  the  formation  of  a  gamma-AlTOj  type  spinel  phase  and  its  association  to 
the  exothermic  reaction. 3*5, 8,9, 13-17  q^e  differences  reported  are  mainly 
concerned  with  the  composition  of  the  spinel  phase  and  whether  the  muilite 
phase  (through  a  parallel  reaction)  also  contributes  to  the  exotherm. ^  •* 4 
In  contrast  to  these  spinel-based  models,  the  second  group  proposes  the 
formation  of  muilite  without  any  spinel  phase. jn  view  of  the 
convincing  evidence  presented  in  recent  s tudies the  validity  of  this 
second  mechanism  can  now  be  disputed. 

With  respect  to  the  spinel-based  mechanisms,  however,  two  key  problems 
still  remain  on  the  issues  of  (i)  whether  the  spinel  or  the  muilite  phase  is 
responsible  for  the  exothermic  reaction  at  980°C,  and  (ii)  how  much  silicon, 
if  any,  is  present  in  the  spinel  phase.  In  this  paper,  we  provide  the 
answer  to  the  first  of  these  questions.  We  show  that  the  spinel  phase  alone 
is  responsible  for  the  exothermic  reaction.  Ue  alio  provide  a  partial 
solution  to  the  second  question,  showing  that  this  spinel  contains  less  than 
10  wt".  silica  and  is  probably  very  close  to  being  pure  alumina. 
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2.0  EXPERIMENTAL  PROCEDURE 


Mel  1-cry stal  1  ized  kaolinite*  was  used  in  all  our  experiments.  3ased  on 
chemical  analysis  and  structural  analysis  by  x-ray  diffraction,  1.39  wt% 

Ti02  was  identified  as  the  main  impurity. Differential  thermal  analysis 
(DTA)^  studies  were  performed  in  air,  at  a  heating  rate  of  10°C/min,  up  to 
1250°C.  In  addition,  isothermal  heating  studies  were  performed  at  various 
temperatures  below  the  exothermic  peak  temperature  for  up  to  7  days  in  a 
resistance  heated  furnace.  Phase  characterization  was  performed  by  x-ray 
(Cu  Kq)  diffraction  (XRD).  Detailed  description  of  the  experimental  con¬ 
ditions  related  to  XRD  and  DTA  are  given  elsewhere. ^  In-situ  beam  induced 
heating  experiments  in  a  transmission  electron  microscope  (TEM)'5'  and  high 
resolution  electron  microscopy  (HREM)**  were  performed  in  order  to  observe 
the  phase  changes  directly.  Chemical  analyses  of  the  phases  were  performed 
by  utilizing  energy  dispersive  x-ray  spectroscopy  (EDS)',!|1.  Special  pcwaer 
samples  were  prepared  by  heac-treatir.g  the  original  kaolinite  at 
temperatures  below  the  980°C  exothermic  reaction  and  by  treating  it  with  10 
wtZ  boiling  NaOH  solution  at  different  periods  of  time  up  to  40  minutes. 
Amorphous  silica-rich  phase  was  dissolved  during  this  llaOH  treatment, 
allowing  more  accurate  evaluation  of  the  chemical  composition  of  the  spinel 
crystals  which  are  not  soluble  under  these  conditions.  The  Clif f-Lorimer 
method1^  was  used  to  obtain  quantitative  analysis  of  the  x-ray  spectra. 
Kaolinite  was  used  as  a  standard  in  the  determination  or  kAl.Ei"  ^11  d3ta 
for  quantitative  analysis  were  acquired  by  tilting  specimens  30°  towards 
the  detector.  Data  were  acquired  in  a  multichannel  scaler  sec  at  10  kV 
range.  SiK  (ac  1.74  kV)  and  Al^  (at  1.48  kV)  peaks  were  separated  by  using 
250  eV  energy  windows.  In  all  cases,  powder  samples  for  TEM  characteriza¬ 
tion  were  suspended  on  a  holly  carbon  film  attached  on  a  75  mesh  Cu  grid. 


*  Georgia  Kaolinite  (KGa-1) ;  Georgia  Kaolin  Company.  Elizabeth,  UJ 
0  DuPont  900  Thermal  Analyzer:  E,  I.  Du  Pont  de  Nemours  &  Co., 
Wilmington,  DE 

@  Philips  400  Ell;  Philips  Electronics  Inc.,  Mahwah,  NJ 

**  JE0L  200CX;  JEOL  USA  Inc..  Peabody,  I1A 
00  KEVEX  7000;  KEVEX  Co.,  Foster  City,  CA 
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3.0  RESULTS  AND  DISCUSSION 


3 . 1  Formation  of  Spinel  Phase : 

XRD  analysis  of  the  DTA  samples  heated  to  or  above  the  exothermic 
reaction  temperature  always  indicated  the  formation  of  the  spinel  phase 
along  with  mullite.  This  concomitant  existence  of  spinel  with  nullite  led 
previous  investigators^ • ^  to  the  conclusion  that  both  of  these  phases 
may  be  responsible  for  the  exothermic  reaction.  Therefore,  in  order  to 
determine  if  the  formation  of  these  phases  could  be  separated  from  each 
other,  we  isothermally  heat-treated  kaolinite  at  various  temperatures  lower 
than  the  exothermic  peak  temperature.  In  doing  so,  it  was  assumed  that  only 
one  of  the  phases  would  be  obtained  at  a  given  temperature  and  thus  the 
contribution  of  this  phase  to  the  reaction  would  result  in  a  decrease  in  the 
exothermic  peak  intensity  in  a  subsequent  run. 

As  expected,  when  kaolinite  was  subjected  to  heat-treatment  at  850°C, 
the  spinel  phase  forced  before  mullite.  Figs.  1(a)  and  (c)  show  the  XRD 
patterns  obtained  after  heat-treatment  for  1  and  7  days  at  850°C,  respec¬ 
tively.  After  a  one-day  heat-treatment,  only  the  formation  of  pseudo- 
anatase,  2AI2O3 '27i02 '  SiOi ,  (labeled  p)  and  a  large  amount  of  an  amorphous 
phase  was  observed  (Fig.  1(a)).  Our  calculations  indicated  that  the  TiO., 
impurity  may  result  in  the  formation  of  2.A6  w t%  pseudoanatase.  A  large 
amount  of  an  amorphous  phase  is  also  expected,  because  metakaolinice 
contains  51.61  wt%  Si02  atui  as  explained  below  most  of  this  component  segre¬ 
gates  as  a  silica-rich  phase  during  the  heat-treatment  process.  Extended 
(7-day)  heatings  at  850°C  resulted  in  the  development  of  the  spinel  phase 
without  any  mullite  Fig.  1(c).  The  DTA  curves  of  these  1-  and  7-day  heat- 
treated  samples  are  shown  in  Figs.  1(b)  and  (d) ,  respectively.  A  signifi¬ 
cant  difference  is  observed  between  the  two  samples.  While  the  exothermic 
reaction  is  observed  in  the  DTA  curve  for  the  1-day  heat-treated  sample 
(Fig.  1(b)),  it  is  completely  eliminated  in  the  second  DTA  trace  (Fig. 

1(d)).  In  spite  of  the  differences  in  the  DTA  curves,  upon  further  heating, 
mullite  formation  is  observed  to  the  sane  degree  in  both  samples. 
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However,  since  mullite  is  formed  through  a  diffusion  controlled  reaction 
in  the  second  case,  its  formation  is  not  easily  observed  in  the  DTA  trace 
(Fig.  1(d)).  This  behavior  and  the  information  obtained  from  the  XRD 
analyses  clearly  lead  us  to  conclude  that  the  spinel  phase  alone  is 
responsible  for  the  exothermic  reaction. 

Further  evidence  supporting  this  conclusion  was  obtained  through 
beam-induced  in-situ  heating  experiments  performed  in  a  TEM.  Although  in 
the  in-situ  experiments,  the  exact  temperature  of  the  samples  could  not  be 
measured,  approximate  temperature  ranges  could  be  determined  through 
comparison  of  the  microstructures  with  those  of  ex-situ  ones.  Three 
different  characteristic  stages  were  observed  (Fig.  2).  The  bright  field 
(BF)  image  in  Fig.  2(a)  was  taken  after  the  dehydroxy lation  had  started. 

The  formation  and  growth  of  light-color  patchy  regions  are  interpreted  to 
be  associated  with  the  loss  of  structural  water.  After  the  ccmoietion  of 
this  dehydroxylation  process,  the  structure  was  determined  to  be  amorphous 
by  electron  diffraction.  The  image  in  Fig.  2(b)  was  taken  upon  further 
heating,  but  to  a  temperature  low  enough  so  that  crystallisation  would  not 
occur.  Careful  inspection  of  this  figure  reveals  a  structure  similar  to 
that  obtained  in  spinodaliy  decomposed  systems.  Further  heating  to  a 
higher  temperature  first  resulted  in  the  growth  of  these  phase  separated 
regions  and  then  the  formation  of  a  crystalline  phase  took  place.  As 
revealed  in  the  bright  and  dark  field  (DF)  pairs  of  Figs.  2(c)  and  (d) , 
respectively,  the  size  of  the  crystalline  regions  was  -  5  -  8  nm. 

Although  we  could  not  obtain  isolated  electron  diffraction  patterns,  the 
analysis  of  the  superimposed  patterns  indicated  only  the  presence  of  a 
cubic  spinel  type  phase  but  not  mullite.  This  observation  then  also 
supports  the  view  that  spinel  and  mullite  phases  do  not  form  in  parallel 
reactions.  Spinel  formation  takes  place  first,  after  a  phase  separation 
process  in  the  metakaolinite. 

In  order  to  unambiguously  determine  that  the  crystalline  phase  formed 
at  the  980°C  reaction  belongs  to  a  spinel  phase,  we  attempted  to  grow 
larger  spinel  crystals  on  which  electron  microdif fraction  experiments  would 
be  performed  to  obtain  isolated  diffraction  patterns.  For  this  purpose, 
samples  were  externally  heated  at  prolonged  times  (1  day)  at  temperatures 
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near  buc  below  the  exothermic  reaction.  As  illustrated  in  the  TEM  images 
of  Fig.  3 ,  we  were  successful  in  growing  the  spinel  grains  to  sizes  larger 
than  100  nm.  The  bright  field  (BF)  image  in  Fig.  3(a)  from  a  corner  of  a 
particle  indicates  variations  in  the  structure  resembling  a  contrast  asso¬ 
ciated  with  a  crystalline  area.  In  fact,  the  corresponding  dark  field  (OF) 
image  in  Fig.  3(b)  clearly  reveals  the  morphology  of  the  crystalline  region 
which  is  surrounded  by  an  amorphous  phase  at  the  edge  of  the  particle. 
Microdiffraction  patterns  were  received  from  this  region  by  using  a  400  ft 
diameter  electron  beam.  The  microdiffraction  pattern  in  Fig.  4(c)  corres¬ 
ponds  to  a  <114>£cc  zone  axis  orientation.  The  specimen  was  furtr.er  tilted 
to  another  orientation,  now  near  <122>fcc  to  unambiguously  confirm  the  fee 
structure  of  the  spinel  phase.  Similar  experiments  were  also  performed  cn 
another  spinel  crystal  (FeZnO-j)  which  was  used  as  a  standard  for  comparison. 

The  growth  pattern  of  the  spinel  phase  was  evidenced  from  cr.e  high 
resolution  images  taken  at  high  enough  magnifications  to  reveal  the  crystal¬ 
lographic  planes  of  the  spinel  grains  (Fig.  4).  There  are  several  image 
features  worthwhile  to  describe  here  in  studying  the  formation  and  the 
growth  of  the  spinel  phase  at  small  scale.  Firstly,  in  Fig.  4(a),  two  sets 
of  Moire"  fringes  are  revealed  on  the  lower  part  of  the  micrograph  indicating 
that  there  are  two  thin  layers  of  crystals  situated  on  to?  of  each  other 
possibly  with  an  amorphous  layet  m  between.  This  indicates  that  spinel 
phase  grows  in  layers  within  an  amorphous  structure.  There  is  only  one 
layer,  however,  near  the  edge  of  the  particle  as  indicated  by  CF  and  LF 
(corresponding  to  cross  fringes  and  lattice  fringes,  respectively)  where  the 
thickness  of  the  region  in  the  electron  beam  direction  should  be  consider¬ 
ably  small.  Another  important  image  feature  is  the  appearance  of  the  very 
small  regions,  1.5  to  4.0  nm  in  diameter  (as  indicated  by  black  arrows),  in 
Fig.  4(b).  These  small  crystallites  are  forming  in  the  amorphous  matrix 
near  the  edge  of  the  particle.  They  exhibit  similar  lattice  spacing  with 
the  larger  crystallites,  such  as  the  region  on  the  lower  left  of  the  some 
micrograph,  where  the  phase  front  (indicated  by  fat  arrows)  advances  towards 
the  small  crytallites  probably  joining  with  then  eventually  and  extending 
the  spinel  region  all  the  way  to  the  edge.  , 
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3.2  Composition  of  the  Spinei  Phase: 


The  observation  of  the  spinel  phase  alone  in  an  amorphous  matrix, 
during  in-situ  heating  experiments,  led  us  to  design  another  experiment  to 
answer  the  second  question  associated  with  the  composition  of  the  spinel 
phase.  In  previous  studies^-*®  the  composition  of  this  phase  was  always 
determined  through  indirect  analyses.  However,  direct  compositional 
analysis  is  now  possible  by  EDS  in  an  analytical  TEM  if  the  spinel  phase  is 
physically  isolated  from  the  surrounding  amorphous  phase.  For  this  purpose, 
the  spinel  containing  samples,  which  were  produced  by  extended  heating 
(7  days)  at  850°C,  were  treated  with  10  wt£  boiling  HaOH.  As  a  result, 
bulk  of  the  amorphous  phase  was  leached  out,  gradually  leaving  the  spinel 
crystallites  intact  (Fig.  5).  These  figures  are  directly  comparable  with 
the  images  presented  in  Fig.  2(b)  where  the  spinel  phase  was  formed  by 
bean  heating.  The  original  shape  of  the  kaolinite  crystals  is  still 
retained.  Due  to  the  leaching  of  the  Si02-tich  amorphous  phase  from  the 
bulk  of  the  platelets,  the  images  exhibit  a  contrast  resembling  a  porous 
structure. ^  Direct  microanalysis  was  performed  by  EDS  on  the  clusters  of 
crystallites  after  different  leaching  tines  to  measure  the  amount  of  Al 
and  Si  from  which  the  amounts  of  A.ItOj  and  SiO-  would  be  calculated.  Fig. 

6  illustrates  the  results  of  the  analysis  where  the  amount  of  SiO-,  is 
plotted  with  respect  to  the  leaching  time.  The  analysis  of  this  plot 
indicates  that  at  extended  leaching  times  (>  25  min.)  the  rate  of  leaching 
of  SiO-.  approaches  zero  below  10  wt%  Si02>  It  is  important  to  point  out 
that  during  the  leaching  process,  the  spinel  crystals  appeared  to  be 
unaffected  visually.  Their  XRD  patterns  were  also  not  different  compared 
to  the  unleached  and  40  minute-leached  samples.  This  indicates  that 
neither  the  particle  size  nor  the  composition  of  the  spinel  was  changed 
through  a  possible  reaction  with  the  leachant.  These  direct  microanalysis 
results  clearly  disprove  the  validity  of  the  previously  reported  Al-Si 
spinel  models  with  significantly  higher  (>  28  wt:i)  silica  contents .  ^ 

On  the  other  hand,  these  leaching  experiments  do  not  eliminate  the  possi¬ 
bility  that  the  spinel  phase  might  actually  contain  less  than  10  wtli 
silica  if  the  amount  measured  by  EDS  included  some'  contribution  from  the 
surrounding  (unleached)  amorphous  silica. 
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It  should  be  emphasized  that  as  the  leaching  time  is  extended  the 
amount  of  Si02  left  in  the  structure  decreases,  although  less  so  as  the 
leaching  time  is  prolonged.  The  important  question  is  whether  this  SiO->  is 
in  solution  in  the  spinel  phase  or  it  is  left  between  the  spinel  regions 
which  are  still  intact.  Assuming  that  treating  with  NaOH  only  affects  the 
Sx02  layer  between  the  spinel  grains  but  does  not  readily  affect  the  layers 
trapped  between  the  two  spinel  grains,  we  calculated  the  amount  of  silica, 
at  a  thickness  of  0.25  nm,  that  may  still  be  present  between  closely  packed 
particles  of  5  -  8  nm  in  size  to  be  nearly  10  wtZ.  The  close  agreement 
between  this  calculated  value  and  the  amount  determined  by  EDS  analysis  then 
supports  the  view  thac  the  actual  amount  of  silica  could  be  less  than  10 
wt% .  This  argument  is  also  supported  by  the  fact  that  by  prolonged  leaching 
treatment  the  amount  of  SiOj  continuously  decreases,  although  the  rate  is 
very  small.  In  fact,  as  evidenced  in  some  EDS  experiments  performed  on 
occasional  spinel  particles  suspended  at  the  edge  of  the  powders  (similar  to 
the  ones  shown  in  Figs.  4  and  5,  but  now  in  the  leached  sample),  we  obtained 
EDS  spectra  which  displayed  only  A1  peak,  and  a  negligibly  small  Si  peak. 
Fig.  7. 


4.0  CONCLUSIONS 

The  main  conclusion  of  this  work  is  that  the  980°C  exotherm  in  the 
kaolinite  to  mullite  reaction  series  is  caused  by  the  formation  of  a  spinel 
phase  but  not  by  the  parallel  formation  of  spinel  and  mullite  as  reported  in 
previous  studies.3,1^*16  It  is  also  concluded  that  this  spinel  contains  not 
more  chan  10  wtZ  silica  (if  any).  It  does  not  contain  a  large  amount  of 

1  1  1C 

silica  as  has  been  accepted  previously* 1  * 
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FIGURE  CAPTIONS 

:  X-ray  diffraction  ((a)  and  (c))  and  differential  thermal  analysis 
((b)  and  (d))  patterns  of  kaolinite  after  an  isothermal  heat  treat¬ 
ment  at  850°C  for  1  day  ((a)  and  (b))  and  7  days  ((c)  and  ( d ) ) . 

In  the  XRD  patterns,  pseudoanatase  and  spinel  peaks  are  labeled 
as  p  and  sp,  respectively. 

:  Morphological  changes  that  take  place  in  kaolinite  during  electron 

beam  induced  in-situ  heating  experiments:  (a)  BF  image  revealing 
the  microstructure  during  dehydoxy  lationc  (b)  Microstructure  of 
metakaolinite  before  the  980°C  exothermic  reaction^  (c)  and  (d)  are 
the  BF  and  DF  images,  respectively,  which  reveal  the  sprnei 
crystallites  in  an  amorphous  matrix. 

:  Spinel  phase  grown  at  <_  980°C  for  1  day.  (a)  and  (b)  are  3F  ana 

DF  images,  respectively,  revealing  the  morphology.  (c)  and  (d) 
are  microdiff ration  patterns  near  <114>jcc  and  <122>£cc  cone  axis 
orientations,  respectively. 

:  High  resolution  images  of  a  sample  heated  at  £  980°C  for  I  day. 

Images  (a)  and  (b)  were  taken  from  region  (1)  and  (2), 
respectively,  of  the  crystal  shown  in  the  inset.  In  (a),  two  sets 
of  Moire  fringes  (indicated  by  MF1  and  MF2)  are  shown  suggesting 
layers  of  crystals.  In  regions  indicated  by  CF  (cross  fringes)  and 
LF  (lattice  fringes),  there  is  only  one  layer.  In  micrograph  (b) 
beyond  the  phase  front  (between  the  spinel  and  the  amorphous 
matrix),  there  are  small  crystallites  (patchy  regions  with  cross 
fringes  indicated  by  the  black  arrows  near  the  edge)  forming  in  the 
amorphous  phase. 

i:  (a)  and  (b)  are  BF  images  of  the  sample  heat  treated  at  850°C  (1 

week)  and  leached  with  NaOH  to  isolate  the  spinel  phase.  Images 
were  taken  under  sli  >tly  underfocus  condition  to  reveal  small 
scale  crystals  (dark  contrast)  and  pores  (light  contrast)  left 
after  the  removal  of  the  matrix  SiO^  phase. 


1  2 


Fig.  6 


Fig.  7 


:  The  amount  of  silica  left  in  the  spinel  containing  specimen  as  a 
function  of  leaching  time.  The  wt%  silica  was  calculated  from 
the  amount  of  Si  measured  by  using  EDS  analysis  in  the  TEM. 

:  An  energy  dispersive  X-ray  spectrum  received  from  a  spinel  crystal 

formed  in  a  sample  heated  in  the  vicinity  of  980°C.  Only  the  A1 
peak  is  observed,  and  almost  no  Si  is  present  in  the  structure. 
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HIGH  RESOLUTION  TEM  STUDIES  OF  MULLITE  FORMATION  IN  METAKAOLINITE 
Mehmet  Sarikaya  and  Ilhan  A.  Aksay 

Department  of  Materials  Science  and  Engineering,  University  of  Washington, 
Seattle,  WA  98195 

Studies  on  the  compressive  fracture  strength  (759  MPa  at  ISOO-C)1  and  the 
flexural  strength  (700MPaat  1300°C)2  of  polycrystalline  mullite  (3A1 ;03 • 2SiO;- 
2A1  20  3-Si02)  illustrate  its  potential  for  high  temperature  aopl ications .  In 
the  processing  of  these  high  strength  mullites,  molecularly  mixed  Al203-Si0: 
precursors  are  used  to  enhance  mullite  formation  rates  and  to  achieve  micro- 
structural  homogeneity  in  the  submicrometer  range.3  Reaction  steps  leading 
to  the  formation  of  mullite  in  molecularly  mixed  systems  are  not  adeauately 
understood.4  The  prevailing  problems  center  around  (i)  the  composition  of  a 
spinel  phase  that  forms  at  around  a  980°C  exothermic  reaction,  and  (ii)  the 
concurrent  or  subsequent  formation  and  growth  of  mullite.  Here,  we  report 
our  high  resolution  TEM  results  on  the  formation  of  the  spinel  and  mullite 
phases  in  a  molecularly  mixed  precursor,  metakaol i ni te  (A1 203 ■ 2SiO- ) . 

Metakaol i ni te  forms  as  the  denydration  product  of  mineral  kaolinite  at  53j’C. 
Althougn  it  retains  the  hexagonal  morphology  of  the  original  kaolinite  plates 
(Fig.  1),  metakaol  ini te  appears  amorphous.  In  heat  treatment  of  metakaol ini te 
up  to  1600°C,  we  observe  three  distinct  reaction  stages:  (i)  prior  to  the 
exothermic  reaction  at  980°C,  density  fluctuations  whicn  result  in  a  texture 
similar  to  those  observed  in  spinodally  decomposed  glass  systems;  (ii;  at  the 
exothermic  reaction,  the  formation  of  a  crystalline  phase  with  spinel  struc¬ 
ture:  and  (iii)  subsequent  formation  and  growth  of  mullite.  Here,  we  reoort 
our  observations  on  the  last  two  stages  leading  to  the  formation  of  liauid 
free  mullite  grain  boundaries. 

Fig.  2  shows  the  spinel  particles  that  form  in  the  amorphous  metakaol i ni te 
matrix  at  the  980°C  exothermic  reaction.  EDS  ano  CBE3  analyses  indicated 
that  this  spinel  phase  is  nearly  identical  to  pure  ' -A1:03  both  in  cc-nosition 
and  structure.  Above  1000° C,  while  spinel  particles  disappear,  the  for-ation 
of  elongated  mullite  crystals  occurs  due,  most  likely,  to  a  reaction  te tween 
the  spinel  phase  and  the  amorphous  matrix  (Figs.  3(a)  and  (b)}.  The  structure 
of  mullite  was  confirmed  by  microdiffraction  experiments.  HREM  images  taken 
from  these  mullite  crystals  reveal  structural  details  at  atomic  scale. 

Mullite  crystals  grow  by  the  formation  of  ledges  along  their  long  edges 
(Fig.  3(c))  and  the  forward  movement  of  these  in  the  [001]  direction.  Meta- 
kaolinite  alone  cannot  totally  transform  to  mullite  since  it  is  deficient  in 
A1203.  Therefore,  we  adjusted  the  overall  composition  to  that  of  mullite 
through  colloidal  mixing  of  alumina  with  kaolinite.  Mullites  formed  with 
these  mixtures  have  grain  boundaries  mostly  free  from  any  amorphous  film 
(Fig.  4).  The  formation  of  liquid  free  grain  boundaries  appears  to  be 
responsible  for  mullite's  suDerior  performance  at  elevateo  temperatures. 
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ABSTRACT 

High  resolution  electron  microscopy  (HRE'D  is  useful  in  bring¬ 
ing  out  the  micro  structural  variations,  such  as  structural  details 
at  grain  boundaries,  at  very  high  resolutions,  even  at  atomic 
levels.  An  important  aspect  is  the  examination  of  the  surface 
irregularities  at  the  boundary  regions  which  provide  information  on 
the  transformation  characteristics  of  the  phases.  In  this  paper, 
we  present  data  on  the  micro  structural  characteristics  of  some  high 
temperature  ceramics  (silicon  nitride,  mullite,  and  aluminum  nit¬ 
ride)  with  particular  emphasis  on  the  detection  of  grain  boundary 
amorphous  phases.  Furthermore,  the  HREM  technique  s  reevaluated 
with  reference  to  other  techniques. 


INTRODUCTION 

Interfaces  are  of  great  fundamental  and  technological  impor¬ 
tance  in  polycrystalline  ceramics  since  their  properties,  such  as 
electrical  and  mechanical,  depend  largely  on  the  interfacial  char¬ 
acteristics.  In  the  characterization  of  interfaces  in  ceramic  sys¬ 
tems,  electron  microscopy  provides  a  unique  opportunity.  In  the 
conventional  mode,  brighc-field  (3F)  imaging  does  not  have  suffi¬ 
cient  resolution  for  interfacial  details,  especially  in  very  thin 
regions  of  second  phases  which  may  be  present  at  grain  boundaries. 
However,  high  resolution  electron  microscopy  (HREM)  is  an  advanced 
imaging  technique  which  can  provide  invaluable  information  on  the 
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details  of  the  interfaces,  e.g.,  interfacial  steps,  and  lattice 
arrangements  at  or  near  the  interfaces  at  atomic  levels.1’2  Espe¬ 
cially  important  is  the  detection  of  thin  film  amorphous  grain 
boundary  second  phases  which  usually  occur  in  sintered  ceramics.'’ 


The  presence  of  amorphous  grain  boundary  phases  in  ceramics  is 
generally  associated  with  additives  that  are  used  as  processing 
aids.  For  instance,  in  the  case  of  silicon  nitride  ceramics,  as  a 
result  of  reactions  between  the  surface  silica  present  on  the 
matrix  powder  and  the  processing  aids  (such  as  alumina,  yttria,  and 
magnesia)  a  liquid  phase,  which  wets  the  grains_  and  acts  as  a 
densifying  agent,  is  formed  during  sintering.  3  '  A  similar  situa¬ 
tion  also  arises  during  the  sintering  of  aluminum  nitride  with 
(e.g.,  silica  or  calcia)  additives.5  In  the  case  of  mullite,  a 
netastable  liquid  phase  may  be  present  during  the  course  of  densi- 
fication.  1  In  all  cases,  this  amorphous  grain  boundary  phase,  with 
a  low  softening  temnerature,  becomes  responsible  for  the  loss  of 
strength  at  elevated  temperatures. 


The  goal  of  this  paper  is 
two-fold.  First,  the  techni¬ 
que  of  high  resolution  elec¬ 
tron  microscopy  is  discussed. 
Second,  the  use  of  HREM  in  the 
characterization  of  grain 
boundaries  in  ceramics  is  il¬ 
lustrated  with  case  studies  on 
silicon  nitride,  nullits,  and 
aluminum  nitride. 


TECHNIQUE 

An  ideal  condition  for 
imaging  an  interface  between 
two  grains  exists  when  the 
interface  is  parallel  to  the 
incident  electron  beam  direc¬ 
tion.  3,4’i0  In  this  way,  the 
details  of  both  surfaces  on 
either  side  of  the  boundary 
will  be  clearly  revealed.  For 
example,  such  a  configuration 
of  the  grain  boundary  with  a 
thin  amorphous  film  is  schema¬ 
tically  illustrated  in  Fig.  1. 
Here,  the  boundary  is  seen 
edge-on  with  respect  to  the 
incoming  electron  beam.  In 
order  to  image  the  boundary, 
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Figure  1.  Schematic  illustration 
of  an  edge-on  configuration  in 
imaging  of  an  interface  where  the 
grains  are  in  z.a.  orientation. 


an  objective  aperture  is  used  which  encompasses  the  diffraction 
spots  due  to  both  grains,  as  well  as  the  diffuse  ring  (hatched)  due 
to  the  inelastical  ly  scattered  electrons  from  the  amorphous  region. 
Under  favorable  conditions  consistent  with  the  specimen-electron 
beam  orientation  discussed  here  and  proper  performance  of  all  elec¬ 
tron-optical  alignments,  a  lattice  image  of  the  boundary  region  can 
be  resolved  in  a  sufficiently  thin  region  of  the  foil.  If  both  of 
the  grains  are  in  the  zone  axis  (z.a.)  orientation,  then  the  atomic 
periodicities  are  resolved  as  schematically  shown  in  Fig.  1,  pro¬ 
vided  also  that  the  correct  defocus  value  has  been  set  with  an 
objective  lens  with  sufficiently  high  resolving  power  ('0.2-0. 3 
an).  The  presence  of  an  amorphous  layer  can  then  be  discerned  from 
the  lack  of  any  atomic  periodicity  right  at  the  boundary,  even  if 
the  layer  is  1.0  nm  thick.  The  sensitivity  of  this  image  also 
depends  on  the  boundary  tilt  and  the  defocus  value  of  the  image. 

Compared  to  other  imaging  techniques,  such  as  diffuse  dark- 
field  imaging  (DDF)10  in  which  the  objective  aperture  is  placed  on 
the  diffuse  ring  produced  in  the  diffraction  pattern  due  to  the 
presence  of  an  amorphous  layer  at  the  boundary,  higher  spatial 
resolution  is  achieved  by  the  lattice  imaging  technique.  In  addi¬ 
tion,  an  amorphous  layer  might  be  caused  due  to  external  effects, 
such  as  excessive  carbon  accumulation  at  the  boundary  groove  which 
occurs  during  the  carbon  evaporation  to  the  surface  of  the  foil,  a 
process  used  to  prevent  decharging  during  electron  microscopy  ob¬ 
servation  of  insulators. 


INTERFACE  CHARACTERIZATION  IN  CERAMICS 
Case  I:  Silicon  Nitride 

The  silicon  nitride  compact  used  in  this  study  was  prepared 
with  high  purity  powders  of  £-Si3N,.,  cx-A  12  03,  and  Y?03  with  the  use 
of  an  aqueous  colloidal  filtration  route.  12  Densif ication  was 
achieved  by  liquid  phase  sintering  at  1750°C  and  725  KPa  nitrogen 
pressure.12  The  fully  dense  microstructures  produced  after  this 
liquid  phase  sintering  process  displayed  uniform  distribution  of 
g-Si3  N  „  grains  (Fig.  2(c)).  Two  different  second  phases  were 
determined  within  the  microstructure:  one  crystalline  and  the  other 
amorphous.  Since  there  is  no  morphological  difference  between 
these  two  phases,  geometrical  effects  in  the  crystallization  beha¬ 
vior  may  be  disregarded.  However,  a  compositional  analysis  by 
energy  dispersive  x-ray  spectroscopy  (EDS)  indicated  a  higher 
yttria  content  in  the  crystalline  second  phase  than  in  the  glassy 
regions,  while  electron  energy  loss  spectroscopy  (EELS)  showed 
higher  oxygen  content  in  the  glassy  regions.13 

The  distribution  of  amorphous  phase  is  homogeneous  as 
revealed  in  the  DDF  micrograph  of  Fig.  2(b).  Although  the  regions 
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Figure  2.  (a)  BF  and  (b)  DF  images  from  a  thin  foil  showing 

the  distribution  of  glassy  phase;  (c)  low  magnification  BF 
image  showing  the  general  microstructure;  (d)  microdiffraction 
pattern  from  glassy  region  revealing  only  diffuse  scattering. 


indicated  as  e  and  d  produce  similar  contrast  in  the  BF  image  of 
Fig.  2(a),  only  the  region  d  changes  contrast  in  the  DDF  image.  In 
fact,  microdiffraction  from  region  e  produces  elastic  scattering 
while  diffuse  scattering  is  produced  from  region  d  (Fig,  2(d)). 

At  low  resolutions  and  magnifications  (Fig.  2(c)),  it  is  not 
possible  to  reveal  whether  or  not  grain  boundaries  are  also  covered 
with  a  thin  (usually  2-10  nm  thick)  amorphous  phase,  which  is 
usually  the  case  in  all  liquid  phase  sintered  silicon  nitrides.5’6 
Therefore,  it  becomes  necessary  to  perform  HREM.  The  example  given 
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in  Fig.  3  is  of  interest  for 
several  reasons:  First,  one 
of  the  grains  is  Si-Al-Y- 
oxynitride  and  the  other  is 
SijN4.  Second,  both  of  the 
grains  are  in  the  2. a.  ori¬ 
entations.  An  amorphous 
phase  is  clearly  seen  in  the 
lower  portion  as  indicated 
by  Am.  However,  as  one 
follows  this  amorphous 
region  towards  the  boundary, 
it  is  seen  that  several 
nanometers  inside  the  boun¬ 
dary  the  amorphous  phase 
ends.  At  this  portion  of 
the  grain  boundary,  atomic 
periodicities  in  both  grains 
continue  right  to  the  boun¬ 
dary  and  stop  when  they 
reach  each  other.  The 
absence  of  any  discontinuity 
at  the  boundary  then  indi¬ 
cates  the  absence  of  an 
amorphous  phase.  Fig.  4 


Figure  3.  HREM  image  of  an  inter¬ 
face  between  a  Y-Si-Al-oxynitride 
and  silicon  nitride  grains. 


Figure  4.  Details  of  the  interface  shown  in  Figure  3. 
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presents  a  series  of  images  along  the  boundary  revealing  the  de¬ 
tails  at  very  high  magnifications.  Again,  the  absence  of  any 
amorphous  phase  film  is  made  obvious  by  the  presence  of  rows  of 
atoms  in  both  grains  at  the  points  of  contact. 


One  of  the  objectives  in  reducing  the  detrimental  effects  of 
the  amorphous  phase  is  to  crystallize  it  during  cooling.  This 
crystallization  can  be  achieved  when  the  liquid  phase,  which  is 
present  at  the  sin¬ 
tering  temperature, 


reaches  a  composition 
of  one  of  the  complex 
yttrium-aluminum-sili¬ 
con  oxynitride  phases. 
Many  factors  can 
affect  this  process, 
such  as  compositional 
variations  due  to  in¬ 
homogeneities  in 
mixing,  and  the  tempe¬ 
rature  and  pressure  of 
sintering.  An  example 
of  such  a  case  is 
shown  in  F ig.  5.  At 
the  triple  junction  of 
Fig.  5,  where  normally 
an  amorphous  phase 
would  be  present,  lat¬ 
tice  fringes  are  re¬ 
vealed  which  indicate 
that  the  amorphous 
phase  has  crystal¬ 
lized.  However,  upon 
a  close  examination  of 
the  boundary  between 
this  crystalline  phase 
and  the  silicon 
nitride  grains,  one 
can  still  see  a  thin 
layer  of  amorphous 
film.  Micrographs 
taken  along  the 
boundary  region 
between  the  silicon 
nitride  grains  indi¬ 
cate  that  this  film  is 


discontinuous  and  the  Figure  5.  Low  magnification  HREM  image 
rest  of  the  boundary  revealing  a  crystalline  phase,  formed 

is  free  from  any  amor-  from  the  amorphous  phase,  at  a  three- 

phous  layer.  grain  junction. 
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Case  II:  Mull  ite 

Mullite  (3A12  03  •  2Si02)  is  the  only  stable  intermediate  compound 
in  the  silica-alumina  binary  system.' “  Mullite's  main  importance 
as  a  structural  material  comes  from  the  fact  that  it  has  favorable 
thermal  shock  resistance,  low  specific  gravity,  good  corrosion 
resistance,  and  especially  high  creep  resistance.11 

In  the  processing  of  mullite,  recent  trends  have  favored  the 
use  of  submicron  size  particles  or  molecularly  mixed  systems  in 
order  to  enhance  the  mul litization  process  during  densifica- 
tion.9’16  The  mullite  compact  that  was  examined  in  this  current 
study  was  similarly  prepared  by  a  colloidal  filtration  process  of 
submicron  size  alumina  and  kaolinite  (Al2  03  •  2Si02  •  2H:,  0).  1 7  The 
premise  of  the  work  was  to  show  that  if  diffusion  distances  were 
shortened,  diffusion  controlled  reactions  could  be  completed  at 
relatively  low  temperatures  (<1550‘,C)  to  form  liquid  free  mullite. 
The  results  of  the  electron  microscopy  observations  are  as  follows. 


Figure  6.  (a)  BF  and  (b)  DF  micrographs  from  1300°C  sample. 

The  amorphous  phase,  G,  surrounding  the  crystals,  M,  are  also 
revealed.  Alumina  crystals  are  still  present  as  indicated  by  A. 

In  Fig.  6,  the  pair  of  TEM  micrographs  displays  a  characteris¬ 
tic  region  of  a  sample  that  was  heat  treated  at  1300"C  for  1  hr  to 
achieve  partial  densif ication.  In  the  BF  image,  small  mullite 
crystals  with  well  defined  rectangular  shapes  are  seen  in  various 
orientations.  This  is  more  clear  in  the  dark-field  (DF)  micrograph 
(b),  which  was  taken  by  using  a  superimposed  reflection  formed  by 
the  diffraction  from  those  crystals  which  change  contrast.  The 
size  of  these  crystals  ranges  from  10  to  100  nm.  Mullite  particles 
are  embedded  in  an  amorphous  matrix  which  is  mostly  Si02 .  (It 
should  be  noted  here  that  because  of  experimental  difficulties  and 
uncertainties,  quantitative  chemical  analysis  by  EDS  method  was 
not  performed.)  The  distribution  of  this  glassy  phase  is  seen  as  a 
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Figure  7.  (a)  BF  image  from  1500°C  sample,  (b)  and  (c)  are 

are  HREM  images  taken  along  the  boundary  shown  by  arrow  in 
(a)  revealing  the  absence  of  any  amorphous  layer. 


faint  bright  background  in  the  DF  image  (due  to  diffuse  scatter¬ 
ing).  The  duration  of  sintering  at  this  temperature  was  not  suffi¬ 
ciently  long  enough  to  result  in  complete  dissolution  of  the  alumi¬ 
na  grains  within  the  amorphous  matrix.  Therefore,  some  alumina 
still  remained  in  the  compact  (as  indicated  by  letter  A  in  the 
micrograph) . 

A  portion  of  the  microstructure  evolved  after  a  densif ication 
treatment  at  1500°C,  for  1  hr,  is  shown  in  Fig.  7(a).  In  compari¬ 
son  to  the  lSOO^C  treatment,  considerable  growth  of  mullite  crys¬ 
tals  has  occurred  at  the  expense  of  the  surrounding  matrix.  Al¬ 
though  an  amorphous  phase  could  still  be  detected  in  certain  por¬ 
tions,  the  amount  is  reduced  considerably  and  many  mul lite-mul  lite 
grain  boundaries  appear  to  be  free  of  the  amorphous  phase.  HREM  is 
utilized  to  examine  the  mullite  grain  boundaries.  A  favorable 
configuration  of  imaging  is  presented  in  Fig.  7,  where  the  boundary 
between  grains  B  and  C,  each  exhibiting  one  set  of  fringes,  was 
examined.  The  fringes  in  grain  C  are  continuous  up  to  the  interface 
where  the  fringes  in  grain  B  are  also  revealed.  It  was  ascertained 
from  this  and  other  micrographs  that  many  grain  boundaries  were 
free  from  an  amo-phous  phase. 


Case-Ill:  Aluminum  Nitride 

AIN  is  a  member  of  the  SiAlON  system  and  is  used  for  high 
temperature  applications.  Only  limited  work  has  been  reported  on 
the  A1  rich  corner  of  the  SiO:  -Alz  Oj-SisNw-A  IN  system.  18  ' 3  Similar 
to  the  silicon  nitride  ceramics,  AIN  can  be  sintere’d  with  the  aid 
of  sintering  additives  such  as  silica  and  calcia.  Small  amounts 
of  silica  (5-10  Z)  produce  alloys  near  the  211  phase  field.’  The 
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samples  in  the  present  investigation  (with  10%  Si02  addition)  were 
prepared  by  a  two  stage  sintering  process:  First  at  2000 °C  and  then 
at  2100<>C  under  300  kg/cm2  pressure  in  nitrogen  atmosphere.8  In 
this  research,  our  intent  was  to  study  the  2H  to  polytypoid  trans¬ 
formation.  HREM  was  utilized  to  examine  the  details  of  the  211/ 
polytypoid  interface. 

Conventional  characterization  of  the  microstructure  revealed 
high  amounts  of  different  types  of  polytypoids,  in  addition  to  the 
original  2H  structure.20’21  Polytypoids  form  because  of  the  change 
in  the  stacking  sequence.  The  reason  for  the  local  change  in  the 
hep  stacking  sequence  (ABABAB..)  to  cubic  (ABCABC..)  in  AIN  is 
because  of  the  deviation  of  Al/N  ratio  from  1.  As  the  Al/N  ratio 
decreases,  more  N  is  taken  into  the  structure.  Together  with  N,  Si 
and  probably  0  are  taken  into  the  structure  to  keep  the  charge 
balance.  In  fact,  a  recent  study  with  EELS  indicated  that  oxygen 
is  indeed  incorporated  into  the  polytypoid  structure.21  There  is 
also  5-10%  Si  in  polytypoids  as  measured  by  EDS  and  no  Si  in  the 
original  grains.'" 


An  example  of 
the  AIN  micro¬ 
structure  examined 
in  this  6tudy  is 
shown  in  Fig.  8. 

In  the  low  magni¬ 
fication  BF  micro¬ 
graph  (b) ,  one  can 
see  a  triangular 
projection  of  a 
three  grain  junc¬ 
tion,  which  may  be 
interpreted  as  a 
"glassy  pocket"  at 
this  low  magni¬ 
fication.  However, 
the  HREM  micro¬ 
graph  in  (a)  re¬ 
veals  that  this 
region  is  indeed 
crystal  line  and, 

interestingly  Figure  8.  (a)  Lattice  fringe  image  and  (b) 

enough,  has  an  BF  image  taken  from  the  AIN  sample  showing 

original  2H  struc-  the  details  of  a  boundary  region  (arrow), 
ture  rather  than 

the  polytypoid  seen  on  the  right  of  the  micrograph,  which  repeats 
itself  through  the  whole  grain.  Another  interesting  feature  in 
micrograph  (b)  is  the  presence  of  several  different  polytypoids  in 
a  grain  seen  at  the  top  of  the  picture,  which  are  ’frequently 
observed  in  these  samples.  Therefore,  in  this  grain,  faulting  is 
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not  a  regular  single  type  but  is  a  combination  of  different  types 
which  repeat  regularly  throughout  the  structure. 

It  is  often  very  useful  to  find  grains  which  are  half-trans¬ 
formed.  Examination  of  the  interfaces  between  the  transformed  and 
the  untransformed  regions  reveals  valuable  information  about  the 
nature  of  the  interfaces  which  could  be  related  to  the  mechanism  of 
transformation.  Both  straight  boundaries  and  boundaries  containing 
ledges  were  observed  in  an  earlier  study.21  Fig.  9  shows  an  ex¬ 
ample  of  the  latter  type.  In  the  BF  image  of  Fig.  9(a),  the  end 
part  of  the  long  grain  is  seen  where,  in  either  side  of  the  grain, 
two  small  pockets  of  the  original  grain  (shown  by  arrows)  were  left 
untransformed.  The  high  resolution  image  in  (b)  reveals  the  de¬ 
tails  of  the  interface  between  the  2H  and  the  polytypoid  where  the 
steps,  or  ledges,  at  the  interface  are  clearly  seen.  It  was  hypo¬ 
thesized  earlier"'  that  the  growth  of  polytypoids  occurs  when  the 
concentration  of  nitrogen  reaches  a  critical  value  in  the  original 
structure.  Under  a  positive  nitrogen  atmosphere  and  high  tempera¬ 
ture,  nitrogen  is  taken  into  the  structure  at  the  boundary  by 
forming  ledges.  The  size  of  the  ledges  and,  therefore,  the  type  of 
the  polytypoid  is  then  determined  by  the  local  concentration  of 
nitrogen  in  the  structure  which  dictates  the  Al/N  ratio. 


Figure  9.  (a)  BF  image  showing  2H/Po lytypoid  boundaries 
containing  ledges,  and  (b)  11REM  image  revealing  the  de¬ 
tails  of  the  boundary  indicated  by  B  in  (a). 
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CONCLUSIONS 


High  resolution  electron  microscopy  technique  was  used  to  re¬ 
veal  microstructura 1  details  in  some  ceramic  systems.  Lattice 
image  analysis  resulted  in  the  fol  Lowing  conclusions: 

(1)  At  some  grain  boundaries  of  silicon  nitride  ceramics 
(fluxed  with  alumina  and  yttria)  a  glassy  phase  is  absent  and  in 
some  cases  even  a  crystalline  second  phase  is  observed  at  three 
grain  junctions. 

(2)  In  mullite  ceramics,  mu  1 1 i t e-mu  1  1  it e  grain  boundaries  are 
shown  to  be  glass-free  provided  that  sufficient  time  is  allowed 
during  the  densif ication  stage  to  achieve  an  equilibrium  phase 
structure . 

(3)  AIN  doped  with  102  silica  does  not  contain  a  glassy  phase 
but  has  polytypoids  in  which  the  Al/N  ratio  deviates  from  the  value 
in  the  original,  2H,  structure.  Stepped,  or  lodged,  interfaces  as 
well  as  straight  boundaries  can  be  formed  between  po  lytypoids/211 
grains  depending  on  the  transformation  stage. 
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High  Resolution  Electron  Microscopy  Characterization 
of  Glass-Free  Muilite 

(Sarikaya  and  Aksay  1987) 


mail  RF..SOI  I  TIOX  ELECTRON  MU  Rose  on  CHARACTERIZA  TION  OF 
a  LASS- FREE  MCI. LITE 


\l  Sarikayu  and  I  t.  Akxay 

Hue  paper  util  be  submitted  and  published  in  the  near  future. 

\  deluded  characterization  ol  interfaces  of  nnillitc.  .’\l2Ot.2SiO2  was  performed  by  using 
high  resolution  transmission  electron  microscopy  imaging  technique  (HRliMl.  The 
poiccrvstalline  mullite  was  prepared  by  mixing  kaolinilc.  AI2O1.2SiO2.2i I2(),  and  fine  n-AbOi 
powders  hv  colloidal  techniques.  I  pon  heating,  mullite  crystals  started  forming  at  temperatures 
as  l.nv  as  I  <  hm  >  c  .irui  ihe\  gradually  grew  in  |0<  M  |  preferential  directions  up  to  I  (it  )()"<",  the 
temperature  at  which  complete  sintering  takes  place.  It  was  found  by  IIRIiVl  that  mullite 
boundaries  were  irec  from  intergranular  amorphous  films.  This  result  is  attributed  to  the 
success  of  the  processing  technique. 
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Infrared  transparent  mullite  through  densif ication  of  monolithic  gels  at  1250°C 

N.  Shinohara.  D.  M.  Dabbs,  and  I.  A.  Aksay 

Department  of  Materials  Science  and  Engineering,  FB-10 
College  of  Engineering 
University  of  Washington 
Seattle,  Washington  98195 


Abstract 

Infrared  transparent  mullite  OAl^O^ *2Si02)  was  formed  at  1250°C  through  densif ication  of  monolithic 
gels.  The  gels  were  prepared  through  colloidal  mixing  of  boehmite  (A100H.  aluminum  monohydroxide)  and 
tetraethoxy silane  (TEOS) .  After  four  hours  at  1250°,  monolithic  gels  densif ied  to  985  of  the  theoretical 
density  (TD) .  Densif  ication  was  promoted  by  viscous  phase  deformation  of  silica  (SiO<>}  during  sintering. 
t  The. extent  of  densif ication  was  found  to  be  dependent  upon  the  extent  of  agglomeration  of  boehmite  powder  in 

suspension.  Transparency  in  the  infrared  region  was  obtained  as  a  result  of  mullite  formation  in  the 
sintered  product.  The  microstuctural  evolution  during  densif ication  and  the  concomitant  spectral  transmit- 
tances  were  characterized. 

1.0  Introduction 

Mullite  is  considered  to  be  an  important  structural  material  for  high  temperature  applications.*  Recent 
advances  in  the  manufacture  of  high  purity,  controlled  microstructure  mullite  has  also  revealed  its 
potential  for  optical  and  electronic  uses.  “  In  this  paper,  we  present  data  on  the  infrared  transparency 
of  high  density  mullite  processed  through  densif ication  of  monolithic  gels  at  1250°C. 

Mah  and  Mazdiyasni^,  Prochazka  and  Klug^  and  Ohashi  et  al.^»  have  all  reported  on  the  infrared  transpa¬ 
rency  of  fully  dense  mullite.  Each  group  found  it  necessary  to  either  apply  high  pressure  or  high  vacuum  at 
temperatures  above  1500°C  in  order  to  realize  full  densif ication.  In  contrast  to  these  high  temperature 
densification  methods,  various  investigators  attempted  to  densify  mullite  through  lower  temperature 
(<1300°C)  densification  of  gels.0-8  Yoldas3  manufactured  a  transparent  aluminosilicate  at  1300°C  using 
dried  gels.  Transparency  was  achieved  through  the  furcation  of  nanometer  sized  pores,  resulting  in  lower 
relative  densities  and  reduced  strength.  Wei  et  al.'  formed  gels  from  colloidal  boehmite  (A100H)  particles 
aiwi  tetraethoxy silane  (TEOS)  and  sintered  these  at  1250°C  to  935  of  theoretical  density  (TD).  Komameni  et 
al.  have  recently  reported  the  formation  of  mullite  from  gels  having  965  and  975  TD.  These  ceramics  were 
sintered  at  1200°  and  1300°C  respectively.  Fine  grain  (<1.0  urn)  microstructure  and  translucency  were 
observed.  However,  the  transparency  of  the  densif ied  gels  in  the  infrared  region  was  not  investigated  in 
any  of  these  studies. 

The  intent  of  the  present  study  has  been  to  investigate  the  formation  of  infrared  transparent  mullite 
through  low  temperature  densification  of  monolithic  gels.  Unlike  previous  studies,  we  have  successfully 
densified  monolithic  (>2.5  cm  in  dia.)  gels  to  densities  above  975  TD.  The  densified  gels  displayed 
infrared  transparency  at  1250°C  upon  formation  of  mullite.  The  synthesis  and  the  infrared  transmittance  of 
these  materials  are  discussed  in  the  following  sections. 

2.0  Experimental 

Monolithic  gels  were  produced  from  colloidal  boehmite  powder  suspensions  end  TEOS.  Shinohara9  determined 
that  boehmite  agglomeration  affected  the  sintering  behavior  of  the  gels.  Fig.  1  shows  the  relationship 
between  the  bulk  densities  reached  at  different  sintering  temperatures  and  the  agglomerate  sixe  in  sus¬ 
pension.  Ulus,  in  the  formation  the  gels  for  this  study,  the  agglomerates  larger  then  0.3  urn  were  removed 
through  clessif ication  by  allowing  the  boehmite  suspension  to  settle  for  over  two  weeks  before  using. 

»  After  classification,  the  boehmite  suspension  was  mixed  vigorously  with  partially  hydrolyzed  TEOS 

^  solution  at  pH  2.5  for  approximately  four  days.  The  partial  hydrolysis  of  TEOS  solution  in  advance  of 

mixing  it  with  the  boehmite  suspension  was  necessary  to  prevent  segregation  of  TEOS  during  gelation.  For 
this  partial  hydrolysis,  one  mole  of  water  was  added  for  each  mole  of  TEOS  in  an  acidic  solution  (pH  2.0)  at 
room  temperature.  At  the  completion  of  the  mixing,  the  resultant  mixture  wes  dried  at  60°C  until  the  onset 
of  gelation.  The  incipient  gel  was  thereupon  cast  into  s  plastic  dish  and  allowed  to  completely  dry  at  room 
temperature  for  several  days.  The  dried  gels  were  subsequently  sintered  'in  eir. 

f  Semples  of  sintered  gels  were  lapped  and  polished  for  use  in  infrared  transmissivity  measurements. 

Transmissivity  of  monolithic  samples  was  measured  on  a  Nicolet  SDXB  FTIR  spectrometsr.  Crushed  specimens, 
suspended  in  pressed  KBr  pellets,  were  used  to  gather  chemical  and  phase  information. 


c 


SPf£  Vol  683  Inf  nr  04  antf  Optical  Transmitting  Materials  1 19891  /  19 


0.1  VO 


Maximum  Aegiomeroie  S'^e 
After  Classification  (  ) 


Figure  1.  The  classification  of  boehmite  powder  suspensions  results  in  enhanced  densi¬ 
fication.  After  two  weeks  of  undisturbed  sedimentation,  agglomerates  larger 
than  0.3  ud  were  eliminated  from  the  suspension.  Higher  densities  were  then 
achieved  for  the  range  of  sintering  temperatures  shown.  Further  classifi¬ 
cation  is  expected  to  improve  densif ication.^ 


3.0  Results 


3.1  Densification  of  gels; 

Dried  gels  of  two  different  compositions  were  sintered  at  several  temperatures.  Saaoles  of  type  M  were 
made  from  a  mixture  of  boehmite  and  TEOS  calculated  to  yield  stoichiometric  muliite.  3A1 2(V2SiO.,.  The 
sample  type  M«-l  was  made  from  a  mixture  calculated  to  yield  a  final  product  containing  one  weight  percent 
excess  silica.  Fig.  2  shows  the  effect  of  sintering  temperature  upon  the  density  and  porosity  of  stoichio¬ 
metric  (type  M)  samples.  As  shown,  densif ication  is  rapid  between  1200  and  1250°C.  Similarly,  in  iso¬ 
thermal  sintering  at  1250°C,  the  most  rapid  densification  was  achieved  within  the  first  hour  thereafter 
proceeding  rather  slowly  (Fig.  3).  This  rspid  densification  is  attributed  to  viscous  phase  deformation  of 
silica  before  the  onset  of  muliite  formation  at  1250°C  (Fig.  4(A)).^  The  higher  densities  achieved  by  the 
silica-rich  M+l  samples  also  support  this  viscous  phase  densification  mechanism  (Fig.  3).  The  decrease  in 
the  apparent  density  above  12G0UC  (Fig.  2)  is  due  to  the  entrapment  of  porosity  associated  with  the  boenaxte 
agglomerates  that  were  not  totally  eliminated  in  our  colloidal  processing.^ 


3.2  Infrared  transmittance: 


Three  samples  were  used  for  infrared  (IR)  transparency  measurements.  Table  1  lists  the  sintering  tempe¬ 
ratures  and  densities  of  these  samples.  In  both  samples  A  and  B,  muliite  was  detected  as  the  only  crystal- 
lias  phase:  whereas,  sample  C  showed  theta-alumina  as  the  crystalline  phase  but  no  muliite*  The  higher 
sintered  density  of  sample  A  with  reepect  to  that  of  sample  B  et  1250°C  is  attributed  to  the  presence  of 
excess  silica  in  sample  A.  This  observation  provides  additional  support  for  the  mechanism  suggested  above 
on  the  enhanced  densification  due  to  viscous  daformacion  of  amorphous  silica. 


Table  1.  Sintering  data  on  the  samples  used 
for  IR  transparency  meaaurements. 


Sample 

Typ* 

Sintering 
Temperature,  °C 

»  TO 

A 

1250 

97.* 

B 

M 

1230 

95.2 

C 

H 

1200 

75.5 

20  /  SW  Vo4  693  Intrartd  sod  QpncsJ  Tramrrmury  Mererts/f  (1986) 


Figure  2.  The  densif  ieation  of  null  ice  forming  geld 
with  respect  to  temperature  demonstrates  the  advantages 
of  the  sol-gel  technique.  The  data  shown  was  taken 
from  densif ieation  studies  on  gels  made  from  boehaite 
powder  suspensions  and  TEOS.  in  amounts  calculated  to 
yield  stoichiometric  mullite  UAl^O-^’iSiO^).  The  rapid 
densif ieation  between  1200  and  125V C  is  attributed  to 
viscous  phase  deformation  before  the  formation  of  mul¬ 
lite.  Once  mullite  has  formed,  densif  ieation  shows 
appreciably  (Figs.  3  and  4(A)).  The  decrease  in 
apparent  denaity  above  1200°C  is  due  to  the  entrapment 
of  pores  contained  within  agglomerates  which  were  not 
eliminated  by  claaaif ieation. 


Figure  3.  Isothermal  sintering  at  1250°  reveala 
the  role  of  viscous  phase  deformation  in  densi- 
fication.  Two  compositions  are  shown:  the 
filled  circles  represent  data  taken  from  the 
densif ieation  of  silica  enriched  gels  (type  H*L 
samples  in  the  text)  and  the  open  circles  repre¬ 
sent  comparable  data  from  gels  which  would  yield 
stoichiometric  mullite  (type  M  samples  in  the 
text).  The  performance  of  the  silica  enriched 
gels  indicates  that  an  increase  in  the  presence 
of  a  viscous  phase  (in  this  case,  silica) 
results  in  better  densif  ieation. 


Figure  4*  1-ray  attraction  patterns  ot  sine  tree  ga*s  aaae  r  rom  stoicmonotnc  amounts  of  boohaite  and 
TSOS: 

A*  Sintering  a  gol  at  1200°C  for  two  hours  results  only  in  the  formation  of  theta-alumina 
(croaa-hatehod  aroaa)  and  cristobalito  (solid  area). 

B.  A  gai  which  ia  sintered  at  1250UC  for  two  hours  completely  t ran a forma  to  mullite. 
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Figure  5.  The  infrared  transmittance  of  three  sintered  gels  was  measured  on  aonolithic  saaples 
(Table  2)  within  the  region  of  4000  to  1800  cm'*  (2.5  to  5.6  urn): 

A.  A  silica  enriched  sample  (type  H*i)  sintered  at  1250°C  exhibited  the  best  overall 
transaittancy.  No  extraneous  bands  were  observed  at  the  higher  wavenuaoers  and  the 
intensity  of  the  2286  cm'1  absorbance  was  reduced. 

B.  A  stoichiometric  sample  (type  M)  sintered  at  1250°C  had  intermittent  transmit tancy. 
A  stronger  2286  cm"1  absorbance  the  the  presence  of  silanol  bands  (3746  and  3557 
cm'1)  indicate  the  presence  of  a  second  phase,  probably  silica  rich,  which  would 
explain  the  decrease  in  transmit tancy. 

C.  A  stoichiometric  sample  (type  H)  sintered  at  1200°C  had  no  transmittancy  within  the 
region  of  interest.  This  opacity  clearly  shows  the  importance  of  aullite  to  the 
transparency  observed  in  saaples  A  and  B. 


Table  2.  Data  on  the  infrared  transparency  of  sintered  gels. 


Sample 

Thickness 

<•> 

2  TD 

v50 

T  T* 

(2435  cm'1) 

A 

0.33 

97.8 

3785 

2031 

0.83  0.59 

B 

1. 

95.2 

2435 

2086 

0.54  0.54 

C 

1. 

75.5 

— 

— 

Fig.  3  contains  the  infrared  transmittance  spectra  for  saaples  A.  B,  and  C  within  1800  to  4000  cm-1  (5.56 
to  230  urn).  Table  2  reports  the  salient  features  of  each  sample's  spectrs. 

Table  2  includes  the  wavenumber  at  maximum  transmittance  (vBAX  the  wavenumber  at  50T  of  maximum  transmit¬ 
tance  Wjq),  the  measured  transmittance  at  2435  cm-*  (Tj^j.)  and  the  transmittance  at  2435  cm normalised 
te  a  thickness  of  1  mm.  CT  2435)* 


^  /  ^  ^  8*2  sntf  Qpftes/  Trmtmmmf  Matwrtwn  (1946) 


1800  Wavenumoers  400 

(cm  -1) 

Figure  6.  Samples  of  the  sintered  gels  whose  IR  transmittancy  is  shown  in  Fig.  5  were  taken  for 
chemical  analysis  using  FTIR.  Chips  were  ground,  aimed  with  KBr  powaer.  and  pressed 
into  pellets  for  transmission  analysis.  The  region  *00  to  1800  cm  *  was  chosen  tor 
the  wealth  of  chemical  information  available  for  aluminosilicates  there:  Camples  (A) 
and  (B) .  silica-enriched  and  stoichiometric  gels  respectively,  both  sintered  at 
1250°C,  exhibited  much  the  same  spectra  in  this  region.  Complete  characterization  haa 
not  been  completed  at  the  cine  of  writing,  but  these  two  samples  are  quite  obviously 
muilite.*1  Sample  (C),  a  stoichiometric  gel  sintered  at  1200°C,  had  a  spectrum 
indicative  of  an  aluninate.  but  ona  lacking  the  muilite  structure.  Peaka  at  1630  and 
138*  cm~*  arc  due  to  the  presence  of  water  in  the  KBr  matrix  and  hydrocarbon  residue 
within  the  gels,  respectively. 


The  poor  transmittance  of  sample  C  when  compared  to  that  of  samples  A  and  B  demonstrates  the  importance 
of  muilite  to  infrared  transparency.  As  seen  in  the  XRD  pattern  (Fig.  *),  there  was  no  detectable  muilite 
phase  in  the  samples  sintered  at  1200°C.  Similarly,  the  fingerprint  spectra  shown  in  Fig.  6  show  the 
characteristic  absorption  peaka  for  muilite  in  samples  A  and  B  but  not  in  sample  C. 

The  band  centered  oo  2286  cm'1  appears  on  the  spectra  of  samples  A  and  B.  Prochacka  and  Klug^  indicated 
that  this  absorption  incrssoes  in  intensity  with  increasing  silics  content  in  the  muilite  solid  solution. 

Our  results  are  in  contradiction  with  this  explanation.  It  is  obvious  that  the  peak  intensity  ia  greater  in 
the  sample  with  less  silica,  sample  B»  than  it  is  in  the  sample  with  the  greater  amount  of  silica,  sample  A. 
This  observation  suggeets  chat  the  peak  intensity  is  not  simply  c«eociated  with  the  amount  of  dissolved 
silica  in  muilite. 

Sample  »  also  exhibits  bands  st  37*6  cm‘l  (very  sharp)  and  at  3557  cm'1  (broad).  These  bands  have  been 
shown  to  be  associated  with  silanol  (SiOH)  groups  within  tha  silica  network.  0  The  3557  cm"1  band  is  due  to 
hydrog so-bonded  silanol  groups,  whilst  the  37*6  cm  v  band  is  due  to  unasnocisted  silanol  groups.  The 
presence  of  silanol  groups  might  also  indicate  the  existence  of  a  residual  amorphous  silica  phaae  within 
sample  B.  If  e  second  phase  were  found  to  be  present  in  this  sample,  the. lower  transmissivity  of  sample  B 
would  be  explained.  XRD  analyia  of  cample  B  gave  a  spectrum  with  very  weak  peaks  which  were  thought  to  be 
due  to  silica,  but  presently  this  is  uncertain.  Transmission  electron  microscopy  (TEH)  sight  reveal  s 
second  pheee  if  it  exists,  end  such  analysis  is  now  being  planned. 
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The  spectra  shown  in  Fig.  6  cover  a  region  rich  in  information  concerning  the  aiuminosil icates.**  Subtle 
differences  exist  between  saaples  A  and  B,  differences  which  have  not  as  yet  been  satisf actorily  explained. 
It  is  known  that  complex  reaction  sequences  occur  during  the  formation  of  aullite  sc  high  temperatures.1'* 

The  absorption  spectra  of  these  aullite  ceramics  probably  result  from  slight  variations  in  the  reaction 
sequence.  Further  infrared  characterisation,  coupled  with  other  techniques,  will  be  necessary  to  fully 
interpret  this  fingerprint  region.  However,  with  respect  to  processing-related  problems,  two  bands  common 
to  saaples  A,  B.  and  C  should  be  noted.  The  sharp  peak  at  1384  ca’1  appears  as  a  result  of  the  presence  of 
residual  hydrocarbon  within  the  sintered  body  from  the  ethoxy  groups  found  on  TEOS.  presently,  a  process  to 
prevent  hydrocarbon  entrapment  has  not  been  determined.  The  band  at  1630  cm-1  can  arise  from  two  contribu¬ 
ting  vibrations:  first,  water  adsorbed  into  the  K3r  matrix,  giving  the  broad  band  visible  in  saaples  B  and 
C;  and  second,  a  SiO^  network  vibration,  resulting  in  the  sharp  peak  apparent  in  sample  A.10  The  presence 
of  this  band  in  sample  A  which  lacks  other  characteristic  silica  peaks  is  not  understood. 

4.0  Concl  usions 

Infrared  transparent  aullite  was  sintered  from  monolithic  gels  at  1250°C  to  densities  as  high  as  98*  TD. 
The  entrapment  of  porosity  in  the  sintered  gels  was  found  to  be  associated  with  boehmite  agglomeration.  The 
transparency  of  sintered  gels  in  the  infrared  region  was  dependent  upon  the  formation  of  mull  ire  at  around 
1230°.  Infrared  absorption  analysis  can  decect  small  phase  differences  existing  in  samples  of  nearly 
equivalent  composition. 
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Reaction  thermodynamics  and  uertlng  studies  mere  employed  to  evaluate  boron 
carbide-aluminum  cermets.  Wetting  phenomenon  and  interfacial  reactions  are 
characterized  using  “macroscale"  and  "microscale”  techniques.  Macroscale 
evaluation  involved  alumium  sessile  drop  studies  on  boron  carbide  substrates. 
Microscale  evaluation  involved  the  fabrication  of  actual  cermet  microstructures 
and  their  characterization  through  SEM.  X-ray  diffraction,  metallography,  and 
electron  microprobe.  Contact-angle  measurements  and  interfacial-reaction  prod¬ 
uct*  are  reported. 


Introduction 

The  intent  of  this  study  is  to  apply  thermodynamic  fundamentals  as  a 
means  of  achieving  lightweight  boron  carbide-aluminum  (BX-AI)  com¬ 
posites.  To  do  this,  we  analyzed  cermet  systems  based  on  chemical  reac¬ 
tions  and  wetting  phenomenon. 

Aluminum  is  preferred  for  the  development  of  BX-cermets  because 
it  is  a  terrestrially  stable  metal  phase  with  a  low  specific  gravity.  It  is  also 
ductile,  nontoxic.  relatively  inexpensive,  easy  to  obtain,  and  available  in 
corrosion-resistant  forms.  Boron  carbide-aluminum  cermets  have  the  po- 
tential  for  offering  a  combination  of  high  hardness  and  toughness  in  a 
lightweight  structure. 

Detailed  selection  criteria  for  other  BX-metal  cermet  systems  have 
been  established.1  Cermets  can  and  have  been  made  using  nonreactive 
metal  phases. Most  nonreactive  metals  tend  to  be  nonwetting4  and  are 
not  suitable  for  liquid  phase  sintering  purposes.  However,  reactive  sys¬ 
tems  usually  meet  the  wetting  requirement,  and  thus  have  considerably 
more  to  offer  because  they  (I)  may  be  consolidated  by  energy-saving- 
pressureless  techniques,  and  Cl  by  nature  of  the  chemical  bond  at  the 
interface,  can  offer  cermets  with  tailorable"  properties.  BX-AI  system 
is  in  this  latter  group. 

-  Cermets  are  processed  by  powder  metallurgical  techniques.  Such 

techniques  have  the  advantage  of  permitting  excellent  control  of  the  cer¬ 
mets'  composition,  size,  and  shape.  Cermet  powders  are  sometimes 
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formed  into  shapes  by  hot  pressing,  extrusion,  slip  casting,  or  dry  press¬ 
ing.  In  the  processing  of  most  cermets,  the  key  objectives  are  ( 1 )  to  obtain 
a  pore  free  microstructure,  where  the  ceramic  grains  are  homogeneously 
distributed  in  the  metal  matrix,  and  (2)  to  ensure  that  a  good  adhesive 
bond  is  established  at  the  ceramic-metal  interface.  Fully  dense  micro¬ 
structures  are  usually  achieved  by  sintering  in  the  presence  of  a  liquid 
phase. 

Experimental  Procedure 

We  performed  experiments  under  macroscale  and  microscale  condi¬ 
tions.  then  compared  and  integrated  these  results  with  those  of  the  liter¬ 
ature. 

Macroscale  experiments  examine  processing  fundamentals  that  influ¬ 
ence  cermet  microstructures  through  the  use  of  large-size  constituents. 
These  experiments  involve  contact-angle  studies  of  high-purity  aluminum 
heated  atop  polished  boron  carbide  substrates  ll  pm  finish  i.  After  heat 
treatment  was  completed,  we  measured  contact  angles  to  within  one  de¬ 
gree  using  a  protractor  grid  and  an  optical  I0X  telemicroscope. 

Microscale  experiments  were  structured  on  the  macroscale  results 
and  involved  the  evaluation  of  sintered  compacts.  Cermet  powders  were 
mixed  in  an  alcohol  slurry,  ultrasonically  treated,  and  then  filtrated 
through  a  plaster-of-Paris  mold.  The  powders  were  then  cold  pressed  at 
138  MPa.  because  higher  pressures  led  to  striations  in  the  green  body. 
Pressureless  sintering  was  performed  inside  a  resistance-heated  vacuum 
furnace  at  pressures  of  1.3x10' 1  to  10"*  Pa.  Some  samples  were  sintered 
in  flowing  argon  inside  an  Al;0<  tube  furnace  at  atmospheric  pressure. 
Some  of  the  sintered  compacts  received  hot-isostatic  pressing  at 
750°-IOOO°C  and  207  MPa  for  up  to  I  h. 

Cross  sections  of  the  cermet  microstructures  were  polished  to  a  1  am 
finish,  then  examined  metallographicallv  and  with  a  scanning  electron 
microscope.  To  determine  the  reaction  products  in  the  microstructures, 
we  examined  the  samples  by  X-ray  diffraction,  energy  dispersive  spectro¬ 
scopy.  and  electron  microprobe  analysis. 

Thermodynamic  Model 

Reaction  Thermodynamics 

If  sintering  in  the  presence  of  a  liquid  phase  is  to  occur,  the  cermet 
system  must  satisfy  the  reaction  thermodynamic  criterion  that  the  solid 
ceramic  phases  be  partially  soluble  in  the  liquid  metal  phases.  This  con¬ 
dition  is  termed  "forward  solubility." 

Forward  solubility  is  best  illustrated  by  examining  the  WC-Co  cer¬ 
met  system.  This  system  can  be  successfully  liquid-phase  sintered  using  a 
low  volTf  metal  phase  between  I  and  30  vol'r .  The  solubility  of  WC  in  co¬ 
balt  under  equilibrium  conditions  is  I  wt'T  at  XOO’C  jnd  2  wiT  at  I000°C. 
The  solubility  of  cobalt  in  WC  is  negligible.'  Since  this  system  satisfies 
the  forward  solubility  condition  required  of  all  cermets,  it  is  appropriate 
to  model  BX  cermets  similarly. 

Figure  I  schematically  represents  the  model  along  with  the  WC-Co 
system.  This  model  demonstrates  an  important  point  with  respect  lo  the 
chemical  stability  of  the  cermet  system.  For  any  particular  isotherm,  the 
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ceramic  phase  (WC  or  B«C)  forms  a  composition  band  that  connects  to 
the  pure  metal  (or  alloy)  phase  located  atop  the  diagram.  However,  since 
it  is  desired  to  produce  a  low  vot%  metal-phase  cermet,  this  processing 
region  is  further  restricted  to  the  cross-hatched  area  below  the  broken 
line.  Liquid  phase  densification  requires  that  the  systems  within  this 
cross-hatched  area  must  be  in  a  phase  compatibility  triangle  which  in¬ 
cludes  the  liquid  metal  phase  as  an  end  member.  Otherwise,  the  forma¬ 
tion  of  reaction  products  may  lead  to  the  depletion  of  the  liquid-metal 
phase  during  sintering.  This  depletion  may  occur  if  the  solubility  of  the 
metal  in  the  ceramic  phase  is  high,  or  if  an  intermediate  ternary  com¬ 
pound  forms  as  the  reaction  product.  This  undesirable  condition  is  re¬ 
ferred  to  as  “reverse  solubility."  The  WC-Co  system  does  not  suffer  from 
the  detrimental  effects  of  reverse  solubility  and  thus  can  be  densified  by 
liquid  phase  sintering.  On  the  other  hand,  as  will  be  illustrated,  the 
ELC-Al  system  falls  into  the  reverse  solubility  category  and  must  be 
densified  by  modified  techniques. 

Capillarity  Thermodynamics 

The  mechanism  of  liquid-phase  sintering  is  also  very  much  depend¬ 
ent  on  the  capillarity  thermodynamic  criteria  of  low  contact  angles  and 
zero  dihedral  angles.  Early  thermodynamic  treatments6-7  of  wetting  are 
based  on  the  mechanistic  approach  of  Young.8  Under  these  treatments, 
the  solid-liquid-vapor  systems  is  assumed  to  be  at  chemical  equilibrium. 
In  wetting  studies  at  elevated  temperatures,  however,  the  phases  of  a 
solid-liquid-vapor  system  are  often  not  at  chemical  equilibrium.  Under 
chemical  nonequilibrium  conditions,  the  effect  of  chemical  reactions  on 
interfacial  surface  energies  must  be  considered,  because  the  phases  of 
the  solid-liquid-vapor  system  react  with  one  another  through  the  inter¬ 
face  to  achieve  a  state  of  chemical  equilibrium.  During  these  nonequilib¬ 
rium  dynamic  conditions,  the  interfacial  energies  and  the  contact  angle 
are  continuously  changing.4  Generally,  melting  is  achieved  as  a  result  of 
chemical  reactions.4  Therefore,  a  nonwetting  system  can  be  transformed 
to  a  wetting  state  by  taking  advantage  of  chemical  reactions. 

Results  and  Discussion 

Macroscale  Conditions 

Figure  2  shows  the  wetting  behavior  of  liquid  aluminum  on  boron 
carbide  substrates.  Results  presented  in  this  manner  provide  a  very  use¬ 
ful  processing  guide,  because  both  temperature  and  processing  time  are 
considered.  Unfortunately,  most  of  the  wetting  data  in  the  literature  are 
presented  with  the  contact  angle  shown  as  a  function  of  temperature  only, 
often  without  even  mentioning  the  time  of  the  experiment. 

The  micrographs  of  Fig.  3  illustrate  the  effectiveness  of  using  wetting 
data  for  processing.  These  micrographs  show  different  fracture  surfaces 
for  B4C-AI  (36.4  vol%)  cermets  processed  at  two  of  the  isotherms  in  Fig. 
2.  .After  processing  in  vacuum  for  only  3  min  at  I200°C.  wetting  conditions 
(6<<S«l’)  allow  for  strong  interfacial  bonding  between  boron  carbide  and 
aluminum.  This  is  evident  because  the  ceramic  grain  has  cleaved,  fol¬ 
lowed  by  ductile  tearing  of  the  surrounding  aluminum  matrix.  Processing 
in  vacuum  at  900’C  for  2  mm  shows  a  completely  different  fracture  mor¬ 
phology.  Under  these  processing  conditions  (B>>90’1.  strong  chemical 
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bond  is  not  occurring  at  ceramic-metal  interface  due  to  the  lack  of  wet¬ 
ting.  This  results  in  failure  of  the  metal  matrix  alone,  since  the  boron  car¬ 
bide  grains  can  now  be  torn  away  from  their  sites. 

Figure  2  indicates  that  the  processing  atmosphere  also  alters  wetting 
behavior.  For  example,  the  same  cermet  processed  at  I200°C  in  flowing 
argon  exhibits  fracture  behavior  similar  to  that  of  Fig.  3(B). 

Metallographic  investigation  of  sectioned  contact-angle  studies  indi¬ 
cates  that  liquid  aluminum  becomes  partially  saturated  with  boron  car¬ 
bide,  and  that  various  interfacial  reaction  products  form  at  the  solid- 
liquid  interface.  Depending  on  the  processing  isotherm,  a  considerable 
amount  of  time  may  be  required  for  the  aluminum  to  completely  react 
with  boron  carbide  and  other  interfacial  products.  This  implies  that  if 
full  densiftcation  can  be  achieved  prior  to  the  possible  depletion  of  alu¬ 
minum.  it  should  be  possible  to  achieve  stable  room-temperature  micro¬ 
structures  by  "freezing  in"  nonequilibrium  conditions  during  processing. 

Microscale  Conditions 

Figure  4  shows  the  B-C-AI  ternary  with  most  of  the  possible  com¬ 
pounds  that  can  be  formed.  Not  all  of  these  compounds  are  present  si¬ 
multaneously  and.  as  shown  in  Table  I.  results  indicate  that  only  eight 
have  been  observed  in  microstructures  processed  between  800°-I300'>C. 
These  compounds  govern  the  composition  of  phases  that  occur  in 
B„C-A1  cermets. 

The  compounds  AKCv  AUB4hC?  l(3-AIBi:),  and  the  solid  solution 
AIB|.,C4  are  high-temperature  forms  that  are  not  thermodynamically 
possible  at  the  processing  temperatures  of  this  study.  Other  forms  of  bo¬ 
ron  carbide,  e.g..  B25C.  that  exist  outside  the  B-C  homogeneity  range 
(9  to  20  at  CT  carbon)  were  not  observed.  The  compounds  AIB,„  and 
AIB;4C4  are  polymorphic  and  are  not  distinguishable  by  X-ray  diffrac¬ 
tion:''  however,  previous  investigations*  10  indicate  that  when  carbon  is 
present,  the  latter  form  generally  occurs.  This  is  consistent  with  the  com¬ 
bined  X-ray  diffraction  and  electron  microprobe  results  of  this  study. 

The  appearance  of  an  aluminum-rich  unidentified  phase  also  occurs 
in  B4C-AI  cermets  and  is  located  in  the  proximity  of  the  shade  region  of 
Fig.  4.  Attempts  to  identify  phase  X  were  unsuccessful  because  its  X-ray 
diffraction  pattern  did  not  match  any  binary  AUBV.  AI4CV.  B,C>.  terna¬ 
ry  AI,ByCj,  binary  or  ternary  oxide,  oxycarbide.  or  XDRF  patterns. 
Computer  programs"  were  employed  to  identify  its  structure,  but  no  pro¬ 
totype  seems  to  exist. 12  Preliminary  results  indicate  that  phase  X  may  be 
a  new  isotype. 

Attempts  to  process  B4C-AI  cermets  (with  metal  content*  form  15  to 
48  vol%)  to  equilibrium  conditions  were  unsuccessful.  X-ray  diffraction 
studies  show  that  for  any  particular  starting  composition,  the  reaction 
products  always  result  in  the  depletion  of  aluminum 

With  this  understanding,  it  is  now  possible  to  go  back  to  the  reaction 
thermodynamic  model  of  Fig.  1  and  determine  how  B4C — Al  cermets  fit 
the  established  requirements.  The  model  suggests  that  a  low  vol%  metal 
phase  be  maintained  in  the  final  microstructure.  In  a  nonreactive,  yet 
wetting,  B4C-metal  system,  the  initial  amount  of  metal  phase  will  gen¬ 
erally  remain  constant  unless  it  is  removed  by  some  external  forces,  e.g.. 
extrusion  from  high  applied  pressure  or  by  evaporation.  The  reactive 
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B4C-AI  system,  on  the  other  hand,  can  have  starting  compositions  above 
the  broken  line  if  (1)  reaction  kinetics  are  sluggish  enough  to  allow  only 
local  equilibrium  between  any  three  adjacent  phases,  and  (-)  the  reaction 
products  result  in  a  microstructure  with  a  low  vol 9c  metal  phase. 

Different  microstructures  were  characterized  using  X-ray  diffraction 
and  electron  microprobe.  Table  I  presents  the  results  for  cermets  proc¬ 
essed  at  an  initial  temperature  sufficiently  high  enough  to  allow  for  a  rap¬ 
id  decrease  in  contact  angle,  and  then  subsequently  heat  treated  at  dif¬ 
ferent  isotherms.  Table  I  shows  the  local  equilibrium  phases  that  are 
possible  in  these  cermets,  and  it  gives  a  qualitative  analysis  of  the  reaction 
kinetics.  Using  Table  1  and  Fig.  4.  the  reaction  thermodynamic  criterion 
is  now  considered. 

Figure  5  shows  the  microstructures  of  a  "low-temperature4'  (800°C> 
processed  cermet  and  a  '"high-temperature’'  II3003C)  processed  cermet. 
As  indicated  in  Table  I.  B4C-AI  cermets  offer  ""tailorable"  microstruc¬ 
tures  through  process  control.  In  the  800°C  microstructure.  phase  X  and 
AIB;  are  the  major  phases  that  form.  Phase  X  is  in  local  equilibrium  with 
aluminum  and  AIB;.  and  with  AIB;  and  a-AlB,;.  In  the  1300'C  micro- 
structure.  the  tendency  is  for  AIB;aC,  to  form  as  the  major  phase.  Local 
equilibrium  in  the  matrix  occurs  between  phase  X.  aluminum,  and  ALCi. 
Phase  X  is  a  metastable  phase  that  will  begin  to  decrease  only  when  all 
the  aluminum  is  depleted  from  the  system. 

Table  II  suggests  that  controlled  microstructures  can  lead  to  cermets 
with  various  mechanical  properties.  Since  it  is  possible  to  achieve  good 
interfacial  bonding  in  cermets  processed  between  800°C  and  I300’C  by 
initially  applying  the  appropriate  cap'lbritv  thermodynamic  conditions, 
further  property  enhancement  must  occur  through  heat  treatment  and 
applications  of  the  reaction  thermodynamics  required  to  obtain  a  desired 
matrix. 

In  another  publication,  we  present  a  more  detailed  account  of  the 
processing  mechanisms  that  occur  in  B^C-Al  cermets.'1  This  publication 
discusses  how  reactive-liquid-sintenng  kinetics  play  a  major  role  in  the 
distribution  of  these  phases.  Without  a  uniformly  dispersed  starting 
composition,  however,  kinetics  will  not  allow  the  system  to  reach  full 
density.  Future  studies,  therefore,  will  attempt  to  achieve  homogeneous 
distributions  in  high-densitv  green  bodies  throuch  colloidal  consolida¬ 
tion. '-1 

Conclusions 

Hard,  yet  potentially  tough,  lightweight  B,C-AI  cermets  have  been 
manufactured  by  applying  fundamental  thermodynamic  guidelines  as 
processing  principles. 

In  these  cermets,  sintering  occurs  through  the  formation  of  a 
reactive-liquid-metal  phase  when  in  contact  with  the  solid-ceramic 
phase.  Nonequilibrium  wetting  conditions  occur  due  to  chemical  reac¬ 
tions  at  the  boron  carbide-aluminum  interface.  These  reactions  cause  a 
dynamic  state  in  the  surface  energies  of  the  system,  which  lower  the  free 
energy  and  result  in  the  spreading  of  the  molten  metal  phase. 

Interfacial  bonding  is  required  so  the  characteristics  of  individual 
phases  contribute  to  the  properties  of  the  composite  as  a  whole.  Guide¬ 
lines  for  cermet  systems  can  be  established  based  on  contact  angle  data 
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that  imply  these  interfacial  reactions.  Chemical  reactions  result  in  indi¬ 
vidual  phases  with  unique  properties  that  allow  for  "lailorable"  micro- 
structures.  These  reactions  in  turn  control  the  evolving  microstructure. 

The  unique  properties  associated  with  the  individual  phases  occur¬ 
ring  in  B4C — A1  cermets  illustrate  that  many  "tailorable"  microstructures 
are  possible. 
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Table  I.  Phase  Behavior,  after  Capillarity  Thermodynamic  Criteria 
Have  Been  Met.  for  Subsequent  Heal  Treatment  at  Different  Isotherms 


900 

1000 

1100 

1200 

Temp  (°C) 


800 


1300 


Phase 


Behavior  with  increasing  time 


Al 


always  decrease 


B4C 


always  decrease 


increase 


con¬ 

stant 


decrease 


AI8, 


increase 


a-AIB 


12 


constant 


AI4C3 


increase 


aib12c2 


in¬ 

crease 


V, 


constant 


decrease 


aib24c4 


A 


increase 


Table  II.  Microhardness  and  Density  Data  for  Phases  Obtainable  in 
BX-AI  cermets.  (From  Various  Sources  in  the  Literature:  Table  is 
Meant  to  be  Illustrative  Only.) 


Phase 

Microhardness  (kg/mm2) 

Density  (g/cm3) 

B4C 

2750  -  4950 

2.52 

AIBj 

980 

3.16 

o-AIB12 

2600 

2.56 

aib„c4  (AIB10) 

2530  -  2650 

2.54 

AIB.jC, 

- 

2.63 

ai4c3 

- 

2.93 

Al 

19 

2.70 

AI-C<1w/o) 

47 

270 

AI-CI2w/o) 

65 

2.70 

AI-C(3w/o) 

91 

2.70 

Fig.  1.  The  W-C-Co  system. 


Al 


Fig.  4.  B-C-Al  ternary  phase  diagram 
shaving  most  of  the  crystalline  phases 
that  can  occur.  The  Mangle  formed  by 
the  dashed  line  and  the  B„C-AI  initial 
composition  line  corresponds  to  a  hypo¬ 
thetical  extension  of  the  boron  carbide 
solubility  range. 


Fig.  5.  B4C-AI  cermets  showing  different  phases  ob¬ 
tainable  after  vacuum  heat  treatment  at  (A)  800°C  for 
24  h  and  (B)  1300°C  for  1  hr. 
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Abstract 

The  processing  problems  associated  with  boron  carbide  and  the  limitations  of  its  mechanical 
properties  can  be  significantly  reduced  when  a  metal  phase  (e.g..  aluminum)  is  added.  Lower  den- 
sification  temperatures  and  higher  fracture  toughness  will  result.  Based  on  fundamental  capillarity 
thermodynamics,  reaction  thermodynamics,  and  densification  kinetics,  we  have  established  reliable 
criteria  for  fabricating  B4C-AI  particulate  composites.  Because  chemical  reactions  cannot  be  elimi¬ 
nated,  it  is  necessary  to  process  B,C-A1  by  rapidly  heating  to  near  1200*C  (to  ensure  wetting)  and 
then  subsequently  heat  treating  below  1200*C  (for  microstructurai  development). 


t 
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Introduction 

Boron  carbide  (B,C)'  is  a  very  hard  (9.5  *  in 
Mohs  scaiel.1  low  specific  gravity  (2.52).  cova¬ 
lent  ceramic  that  offers  distinct  advantages  for 
applications  involving  neutron  absorption, 
wear  resistance,  and  impact  resistance.  The  ex¬ 
treme  sensitivity  of  boron  carbide  to  brittle 
fracture  (Klc  •  3.7  MPa  m^1)*- 1  and  the  diffi¬ 
culties  associated  with  fabricating  fully  dense 
■icrostructures  are  serious  limitations,  how¬ 
ever.  By  using  certain  additives  (e.g.,  graphite). 
B4C  sintered  at  high  temperatures  (>2000’C) 
can  produce  microstructures  with  a  high  den¬ 
sity  (—98.2%  of  theoretical  density).1  Full  den¬ 
sity  is  usually  achieved  through  costly  hot- 
pressing  techniques1;  however,  even  in  a  fully 
dense  form,  boron  carbide's  sensitivity  to  brit¬ 
tle  fracture  remains  a  major  limitation. 

'I,C  herein  refers  to  the  complete  hotnnteneous  ranee  of 
compmiliofts  for  born*  carbide. 


Our  experiments  demonstrated  that  the 
processing  problems  and  mechanical  propertv 
limitations  associated  with  B,C  ceramics  can 
be  significantly  reduced  by  introducing  a  metal 
phase  (i.e..  by  developing  B,C  cermets).  If  the 
application  is  limited  to  low  temperatures,  then 
a  low-melting-point  metal  phase  (e.g.  alumi¬ 
num  or  aluminum  alloys)  can  be  introduced  to 
obtain  lower  densification  temperatures 
(<1200’C)  and  to  increase  fracture  toughness 
many  times  that  of  B4G  In  addition,  if  the  metal 
phase  has  a  low  specific  gravity,  then  the  re¬ 
sulting  cermet  can  have  improved  mechanical 
properties  with  low  weight. 

High-strength  (>1000  MPa)  B-C-AI  com¬ 
posites  consisting  of  B4C-coatcd  boron  fibers  in 
an  aluminum  matrix  (  —  50  vol%  ceramic)  have 
been  fabricated.3  Particulate  B,C-metal  com¬ 
posites  cur  ;cntly  manufactured  include  ma- 
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(•rials  consisting  of  dispersion- hardened  met¬ 
als  I  <23  vol%  B.C),'-*  Boral  (30-50  vol%  B.C).7 
and  a,C-Cu  cermets  (-60  vol%  B.C).*  In  these 
composites,  processing  temperatures  are  kept 
to  a  minimum  (<1000‘C)  primarily  to  avoid 
chemical  reactions  between  B,C  and  the  metal 
pluuc. 

In  our  work  with  particulate  B,C-AI  com¬ 
posites.  which  have  a  greater  ceramic  content 
(>3S  *ol%),  we  employed  processing  tempera¬ 
tures  above  1000‘C  to  promote  uniting  and  to 
permit  carefully  controlled  reactions  in  the 
system.  Wetting  is  necessary  to  achieve  strong 
interfacial  bonding  and  to  allow  liquid  rear¬ 
rangement  during  sintering.  If  wetting  does  not 
occur,  external  pressure  must  be  applied  to  im¬ 
prove  consolidation;  however,  e-ren  pressure 
techniques  are  not  satisfactory  for  densifica- 
tion  of  some  high  ceramic-containing  (>60 
vol%)  composites.* 

We  illustrate  the  importance  of  achieving  a 
wetting  condition  in  the  processing  of  high  ce¬ 
ramic-content  (>SS  vol%)  particulate-based 
B.C-AI  composites,  the  importance  of  under¬ 
standing  the  phase  equilibria  in  the  B-C-AI 
system  for  the  microetructural  design  of  these 
cermets,  and  appropriate  processing  methods 
for  producing  cermets  with  negligible  porosity. 

Processing  Experiments 

Materials  and  Specimen  Preparation 

We  used  sessile  drops  formed  from  high- 
purity  aluminum  shot  (99.998%  pure),  hot- 
pressed  B4C  substrates  made  from  commercial 
grade  B,C  powders,  and  B,C-AI  compacts  made 
from  commercial  grade  B,C  and  aluminum 
powders. 

To  prepare  these  compacts,  we  mixed  B,C 
powder  (three  particle  sin  distributions  with 
median  sines  of  4, 16,  and  M  pm.  ESK)  and  alu¬ 
minum  powder  (-323  mesh.  Alfa  Products)  iu 
isopropyl  alcohol,  ultraeouically  mixed  the 
slurry  to  achieve  homogeneity,  and  consoli¬ 
dated  the  solids  by  filtration  in  a  plaster-of- 
Paris  mold.  These  compacts  were  too  weak  for 
handling  purposes;  therefore,  the  composite 
powders  were  subsequently  cold  pressed  at 
t3g  MPa  (—20,000  psi).  We  found  that  higher 
pressures  resulted  in  undesirable  striations  in 
the  compacts. 

Procedures 

Our  processing  experiments  included  con¬ 
tact  angle  measurements,  chemical  reaction 


studies,  and  densification  studies  in  the  molten 
aluminum  ♦  B,C  system. 

In  conducting  our  contact  angles  experi¬ 
ments.  we  placed  aluminum  sessile  drops  on 
hot-pressed  B,C  substrates  (polished  to  a  I-pm 
finish)  and  heated  (hem  in  a  tungsten-mesh  re¬ 
sistance-heated  vacuum  furnace  at  pressures 
less  than  5  x  to  *  Pa  but  greater  than  10  ‘  *  Pa 
(typically  between  10 ' *  and  10  *  Torr).  After 
the  specimens  were  vacuum  cooled  to  room 
temperature  and  taken  out  of  the  furnace,  we 
measured  the  contact  angles  to  within  1  *  using 
a  protractor  grid  and  optical  10  x 
telemicroscope. 

To  investigate  the  nature  and  extent  of 
chemical  reactions  at  the  B,C-AI  interface,  we 
examined  polished  ll-gm  finish)  cross  sections 
of  specimens  from  the  wetting  experiments  us¬ 
ing  both  optical  and  scanning  electron  micro¬ 
scopes.  Further  studies  included  x-rav  diffrac¬ 
tion.  energy  dispersive  spectroscopy,  and 
electron  microprobe  analyses  to  identity  the  re¬ 
action  products  in  the  microslructures  ot  the 
sintered  compacts. 

In  our  densification  kinetics  studies,  we 
subiected  the  B,C-A1  powder  compacts  to 
pressureless  sintering,  hot  pressing,  and  hol- 
isostatic  pressing  (IIIP).  We  sintered  specimens 
in  the  tungsten-mesh  resistance-heated  vac¬ 
uum  furnace  at  the  same  pressures  used  in  the 
sessile-drop  experiments.  Hot  pressing  and  HIP 
were  performed  in  accordance  with  the  pro¬ 
cessing  inlormation  in  Tables  I  and  2.  To  deter¬ 
mine  the  level  of  residual  porosity,  we  made 
immersion  density  (Dow  Corning  200.  2.0 
centistokesl  and  bulk  density  measurements  on 
each  compact. 

Results  and  Discussion 

Writing 

ft- 

An  important  point  to  be  realized  i(  that  a 
nonwetting  system  can  be  transformed  to  a 
wetting  system  by  taking  advantage  of  chemi¬ 
cal  reactions.’  Previous  studies  on  the  B,C-AI 
system  did  .lot  correctly  recognize  this  fact, 
and  as  a  result,  both  obtuse’*  "  and  acute"  " 
contact  angles  were  reported  as  equilibrium 
values.  Previous  works'*"*  on  B.C-AI  compos¬ 
ites  were  discontinued  when  it  was  concluded 
that  aluminum  did  not  wet  boron  carbide. 

Figure'  1  shows  the  contact  angle  of  alumi¬ 
num  on  boron  carbide  as  a  function  of  tem¬ 
perature  and  time.  Based  on  our  contact  angle 
data,  processing  of  B,C-AI  composites  below 
1000'C  cannot  be  accomplished  by 
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pressureless  sintering  techniques  since  acute 
contact  angles  are  not  obtained  in  reasonably 
short  times.  By  increasing  the  temperature,  low 
contact  angles  are  obtained  in  reasonably  short 
times;  however,  because  the  vapor  pressure  of 
aluminum  also  increases  with  increasing  tem¬ 
perature.  an  upper  processing  temperature 
limit  is  also  necessary  to  keep  vaporation  of  the 
aluminum  to  a  minimum. 

The  dynamic  nature  of  the  contact  angle  of 
aluminum  on  boron  carbide  is  associated  with 
the  mass  transfer  •  cross  the  solid-liquid  inter¬ 
face  as  the  system  moves  towards  a  stale  of 
chemical  equilibrium.  During  this  dynamic 
stage  the  contact  angle  cannot  be  expected  to 
remain  constant  since  the  interfacial  tensions 
between  the  solid,  liquid,  and  vapor  phases 
will  be  continuously  changing  as  a  result  of 
compositional  and  structural  variations  across 
the  interfaces.  The  nature  of  these  reactions 
will  be  discussed  in  the  next  section. 

Reaction  TltermoJuitamtcs 

At  least  9  ternary  phases  have  been  re¬ 
ported  for  the  B-C-Al  system. ls'2*  conse¬ 
quently.  it  is  important  to  select  processing 
conditions  that  will  allow  only  certain  reaction 
products  to  form  so  desired  properties  (negligi¬ 
ble  AI,C,)  will  be  obtained.  Previous  attempts'9 
to  fabricate  B,C-AI  cermets  were  discontinued 
when  it  was  concluded  that  the  reaction  prod¬ 
ucts  were  detrimental  to  mechanical 
properties. 

We  investigated  the  reaction  products  that 
occur  under  different  sets  of  wetting  condi¬ 
tions.  Figure  2  illustrates  the  results  of  our  re¬ 
action  thermodynamic  studies  from  800*  to 
1400’C  and  the  reaction  products  that  form 
whan  local  equilibrium  conditions  are 
achieved.  Under  these  conditions,  sufficient 
aluminum  is  present  to  sustain  the  reactions 
shown.  For  any  starting  composition,  the  initial 
reaction  products  will  always  form  at  the  ex¬ 
pense  of  B,C  and  aluminum. 

Figure  3  shows  some  of  the  characteristic 
microstructures  that  can  be  obtained  under 
conditions  uf  local  equilibrium.  An  unidenti¬ 
fied  phase,  called  Phase  X.  forms  at  all  of  the 
temperatures  in  this  study.  Phase  X  can  coexist 
with  B|C.  Initial  attempts  to  identify  Phase  X 
were  unsuccessful  because  its  x-ray  diffraction 
pattern  did  not  match  any  binary  AI,H(,  Al,C,. 
B,C,.  ternary  AI,B,C^  binary  or  ternary  oxide, 
nitride,  oxycarbide.  oxynitride,  or  carbonitride 


Figure  I.  Contact  angle  of  molten  aluminum 
on  boron  carbide  as  a  function  of  processing 
time  for  various  isotherms  at  3  *  10  9  to  10  * 
Pa.  Measurements  were  obtained  alter  sessile 
drop  was  furnace  cooled  to  room  temperature. 


XRDF  patterns.90  Some  of  the  characteristic  x- 
ray  diffraction  lines  tor  Phase  X  have  been  re¬ 
cently  reported.91  and  energy  dispersive  x-ray 
and  electron  microprobe  analyses  indicate  that 
Phase  X  is  largely  aluminum  with  smaller 
amounts  of  boron  and  carbon. 

In  a  recent  study.  Sarikaya  and  Aksav'* 
characterized  the  crystal  structure  and  compo¬ 
sition  of  Phase  X  by  transmission  electron  mi¬ 
croscopy  techniques.  Electron  diffraction  slun- 
ies  indicate  that  the  crystal  structure  of  Phase 
X  is  HCP  with  lattice  parameters  quite  different 
from  any  of  the  other  binary  or  ternary  phases 
lu  the  B-C-AI  system.  Their  preliminary  stud¬ 
ies  by  electron  energy  loss  spectroscopy  indi¬ 
cate  that  the  composition  of  Phase  X  corre¬ 
sponds  to  73%Al-10%B-15%G 

Boron  carbide  and  aluminum  react  to  form 
Phase  X.  Under  local  equilibrium  between  800* 
and  900 *C.  AIB.  and  Phase  X  are  the  maior  re¬ 
action  products.  Under  these  conditions  Phase 
X  is  stable,  and  it  will  decompose  only  after  all 
of  the  free  aluminum  is  depicted  from  the  sys¬ 
tem.  Above  llOO'C  there  is  less  Phase  X  be¬ 
cause  aluminum  is  rapidly  being  depicted 
through  the  formation  of  other  morr  thermody¬ 
namically  stable  phases. 

Figure  3(a)  shows  a  typical  microstructure 
in  local  equilibrium  at  the  BOO*  to  900’  C  range. 
Small  grains  11-3  pm)  of  B,C  are  surrounded  by 


3 


Figure  3.  Boron  carbide-aluminum  cermets  showing  different  sintered  microstructures  obtained 
after  initially  heating  to  1180’C  for  2  min.  then  subsequently  heat  treating  at  (a)  800'C  for  24  h 
(initial  composition:  S0vo4%B,C-20vol%Alh  (b)  tUOO’C  for  l.S  h  (initial  composition:  70vol%BtC- 
30vol%Alh  and  (c|  1300‘C  for  1  h  (initial  composition:  30vol%B,C-70vol%AI). 
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large,  forming  ceramic  phases.  After  24  h  of 
heat  treatment  at  800‘C  {Fig.  3(a)),  there  is 
more  Phase  X  and  AIB.  than  B,C  (initial  com¬ 
position:  80vol%B4C-20vol%Al).  This  micro- 
structure  reaches  local  equilibrium  between 
Phase  X,  A  IB.,  and  B,C  within  tens  of  hours  at 
BOO'C.  After  250  h  some  AIB.  has  decreased  to 
form  AIB,,;  after  500  h  B,C,  Phase  X,  AIB.. 
AIB,j,  A1B,2Cj,  and  Al,C,  are  substantially 
present  in  the  microstructure.  Further  heat 
treatment  indicates  a  tendency  to  the  rapid  de¬ 
pletion  of  Phase  X  and  an  increase  of  AIB12  and 
A1.C* 

The  hypothetical  compatibility  triangle 
shown  in  the  lower  left-hand  corner  of  Fig.  2 
illustrates  the  tendency  towards  overall  ther¬ 
modynamic  equilibrium.  It  is  assumed  that 
overall  equilibrium  is  achieved  when  A!B12, 
A14C,,  and  B,C  coexist  as  stable  phases. 

Above  900'C  but  below  1200'C  the  fallow¬ 
ing  microstructural  differences  occur:  (I) 
AIB..C.  is  thermodynamically  favored  over 
AIB,2  between  900*  and  1000'C.  and  (2!  A 18. 
continues  to  form  up  to  1000'C,  however, 
above  1000'C  AlB.  is  only  present  when  the 
microstructure  is  cooled.  Figure  3(b)  shows  a 
microstructure  resulting  from  these  local  equi¬ 
librium  conditions  after  1  5  h  at  1000'C  (initial 
composition:  70vol%8,C-30vol%AII. 

Between  1200"  and  1400'C  further  chances 
in  the  microstructure  occur:  (1)  A1,C,  is  form¬ 
ing  very  quickly  (this  is  associated  with  a  de¬ 
crease  of  the  ternary  Phase  X),  (2)  AIB.,C,  is 
now  favored  over  AIB12C,  and  becomes  the  ma¬ 
jor  ternary  phase.  (3)  above  1300'C  x-ray  dif¬ 
fraction  patterns  indicate  the  appearance  of  a 
phase  previously  reported  as  AI,B,  17  but 

more  recently  reported  as  Al,B4C7.,l*,  u  and  (4) 
at  1400*C  AI4Cj  begins  to  crystallize  in  the 
shape  of  short  whiskers.  Figure  3(c)  shows  a 
microstructure  characteristic  of  the  local  equi¬ 
librium  conditions  after  1  h  at  1300'C  (initial 
composition:  30vol%B4C-70vol%Al). 

At  temperatures  above  1300’C  overall 
equilibrium  occurs  only  after  all  aluminum 
and  Phase  X  are  completely  depicted  from  the 
system.  This  is  followed  by  the  decomposition 
of  AI,C,  and  the  eventual  coexistence  of  graph¬ 
ite,  84C.  and  AIB,,C4  as  the  remaining  stable 
phases.  The  compatibility  triangle  in  the  lower 
right-hand  corner  of  Fig.  2  illustrates  this 
global  equilibrium  condition. 

Our  reaction  thermodynamic  study  deter¬ 
mined  that  local  equilibrium  conditions  be¬ 
tween  000*  and  !200'C  must  be  established  so 


that  Phase  X  will  evolve  and  consequently  tie- 
up  most  of  the  free  carbon  required  to  form 
AI4C,.  Because  of  its  hygroscopic  nature  and 
poor  mechanical  properties.  AI,C,  is  unde¬ 
sirable.  Above  1200*C  local  equilibrium  condi¬ 
tions  do  not  suppress  A!4C,  formation:  how¬ 
ever.  composites  with  A1,C2  whiskers  are  more 
chemically  stable  because  of  a  protective  layer 
of  Phase  X  around  them.  Therefore,  to  process 
B4C-AI  cermets  it  is  necessary  to  rapidly  heat 
the  composition  to  near  1200'C  to  ensure  that 
wetting  occurs  and  then  subsequently  heat 
treat  these  compositions  at  temperatures  below 
1200'C  if  further  microstructural  development 
is  desired. 

Densificatiort  Kinetics 

Fully  dense  states  can  be  achieved  prior  to 
reaching  desired  thermodynamic  conditions  ei¬ 
ther  by  slowing  down  reaction  kinetics  or  by 
speeding  up  dcnsification  kinetics.  Favorable 
results  can  be  obtained  by  employing  smail- 
size  powders;  however,  in  our  study  the  larger 
B4C  powders  (56  fiml  were  primarily  used  for 
two  reasons.  First,  because  appropriate  colloi¬ 
dal  processing  techniques  for  codispersing  bo¬ 
ron  carbide  and  aluminum  powders  had  not 
yet  been  developed,  the  4-  and  10-pm  B,C  pow¬ 
ders  resulted  in  large  agglomerates  1250  pm) 
which  led  to  microstructural  inhomogeneities 
during  sintering.  Secondly,  we  wanted  to  show 
that  B,C-Al  composites  could  be  fabricated 
without  agglomeration  problems  and  at  the 
same  lime  reduce  the  rale  of  chemical  reac¬ 
tions  by  decreasing  the  B,C-AI  interfacial  area. 

Boron  carbide-aluminum  compacts  will 
neither  undergo  pressureless  nor  pressure-as¬ 
sisted  densification  unless  wetting  occurs.  Our 
pressureless  sintered  compacts  always  had  re¬ 
sidual  porosity  ranging  from  28  vol%  (for  com¬ 
pacts  containing  30-45  vol%  aluminum)  to  as 
high  as  44  vol%  (for  compacts  containing  15-30 
vol%  aluminum).  This  occurred  despite  the 
fact  that  conditions  for  wetting  were  obtained; 
however,  compacts  with  larger  B4C  particles 
(56  pm)  did  achieve  higher  densities  than  com¬ 
pacts  with  smaller  B4C  particles  (4  and  10  pm). 
Even  when  pressure  techniques  (vacuum  hot 
pressing  and  HIP)  were  applied  to  compacts 
containing  between  15  vol%  and  60  vol%  alu¬ 
minum,  po  ;ositv  was  not  completely  elimi¬ 
nated.  although  it  was  significantly  reduced. 

High  levels  of  porosity  in  the  pressurclcss 
sintered  compacts  occurred  because  11)  at  tern- 
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Table  1.  Vacuum-hot  pressed  B,C-AI  densification  results.  All  runs  took  75  min  to  reach  maxi¬ 
mum  temperature.  Maximum  temperature  hold  time  was  6  min  at  the  indicated  pressure  with 
pressure  being  applied  after  passing  through  800'C.  Processing  environment  was  ~5  x  10  2  Pa 
(10'*  to  10  "*  Torr).  Samples  were  furnace  cooled  in  vacuum  under  the  indicated  pressure.  Porosity 
was  determined  by  bulk  density  measurements. 


Aluminum  cmUflt 

IgC  grain  six* 
(jnnl 

Maximum  temp 

VC) 

Indicated  pressure 
(MPa) 

Residual  compact  porosity 
(vol%) 

30 

<2 

1180 

15 

24 

M 

<2 

1180 

15 

0 

SO 

<2 

1050 

20 

14 

SO 

<20 

1150 

15 

22 

M 

<20 

1100 

IS 
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peratures  required  for  densification  (wetting), 
chemical  reaction  rates  are  faster  than  the 
spreading  rates  for  aluminum,  and  (2)  at  these 
temperatures  the  vapor  pressure  for  aluminum 
is  higher  than  that  of  the  vacuum-processing 
environment  employed.  Both  of  these  mecha¬ 
nisms  result  in  the  depletion  of  aluminum.  The 
formation  of  new  phases  (reaction  kinetics), 
however,  has  the  most  detrimental  effect. 
When  enough  reaction  products  have  formed, 
the  microstructure  becomes  “locked  up" 
prohibiting  further  rearrangement.  This  com¬ 
bined  with  the  fact  that  there  is  an  insufficient 
amount  of  molten  aluminum  to  fill  the  remain¬ 
ing  pores  results  in  high-porosity  final 
products. 

Table  1  shows  the  results  of  the  vacuum- 
bot-pressed  compacts.  These  results  indicate 
that  increasing  the  aluminum  content  does  re¬ 
duce  the  amount  of  porosity  in  the  cermet. 
Also,  increasing  the  pressure  (while  lowering 
the  hot-pressing  temperature  to  slow  down  the 
depletion  of  aluminum)  reduced  but  did  not 
eliminate  porosity  completely. 

Densification  by  hot  pressing  is  inhibited 
by  mechanisms  other  than  just  the  competition 
between  phase  formation  and  the  capillary 
flow  of  molten  aluminum.  Figure  4  shows  re¬ 
gions  where  local  densification  it  obtained  by 
satisfying  the  capillarity-thermodynamic  crite¬ 
rion  of  low  contact  angles,  while  grossly  porous 
regions  are  sporadically  located  adjacent  to 
these  dense  regions. 

Axial  forces  applied  to  powders  during 
vacuum-hot  pressing  in  a  graphite  die  result  in 
radial  forces  on  the  compact.  The  magnitude  of 
these  radial  forces  is  largely  dependent  on  the 
plasticity  of  the  powders,  and  always  results  in 
stress-concentration  gradients  within  the  com¬ 
pact.21  When  B,C  grains  are  forced  to  bridge  or 
lock  tightly  in  regions  of  high-stress  concentra¬ 


tions.  liquid  rearrangement  by  capillary  action 
will  be  hindered.  This  will  allow  for  local  den¬ 
sification  where  rearrangement  is  possible 
(tow-stress  concentration  areas  within  the  com¬ 
pact)  resulting  in  aluminum-depleted  regions 
where  bridging  is  the  strongest. 

Since  we  desired  to  achieve  densification 
without  depleting  aluminum  and  also  avoid  the 
previously  described  mechanisms  inhibiting 
uniform  rearrangement,  we  hot-isostatic 
pressed  presintered  compacts.  (The 
presintered  compacts  were  sealed  under  vac¬ 
uum  in  stainless  steel  cans.) 

Table  2  shows  the  results  of  the  hot-iso¬ 
static  pressed  compacts.  Even  with  HIP.  how¬ 
ever.  the  results  indicate  that  a  minimum 
amount  of  aluminum  is  required  to  reduce  po¬ 
rosity  to  neglible  levels  (£1.0  vol%).  Hot-iso¬ 
static  pressed  presintered  compacts  had  con¬ 
nected  porosities  £3.5  vol%  while 
nonpresintered  (nonwetted)  compacts  had 
porosites  in  excess  of  10  vol%.  As  aluminum 
content  was  increased  above  30  voi%,  con¬ 
nected  porosities  dropped  to  below  1  vol%.  A 
hot- isostatic  pressed  microstructure  is  shown 
in  Fig.  5.  The  microstructure  confirms  that  the 
uniform  application  of  pressure  resulted  in  (1) 
accelerating  the  densification  kinetics  faster 
than  the  chemical  reaction  kinetics  and  (2)  the 
elimination  of  stress-induced  microstructural 
inhomogeneities. 

Our  study  has  shown  that  certain  process¬ 
ing  tradeoffs  must  be  considered  to  produce 
B4C-AI  composites.  Table  3  summarizes  these 
tradeoffs. 

Conclusioi> 

Based  on  fundamental  capillarity  thermo¬ 
dynamics,  reaction  thermodynamics,  and  den¬ 
sification  kinetics,  definite  processing  criteria 


6 


Figure  4.  Boron  carbide-aluminum  (30  vol%)  Figure  5.  Boron  carbide-alumulum  (30  vol%l 
cermet  hot  pressed  at  1180*C  in  vacuum  (5  x  cermet  initially  sintered  at  1180'C  for  2  min  in 

10"'<  Pa)  for  6  min  at  IS  MPa  (~2.0Q0  psi)  vacuum  (10 ' 3  Pa),  then  subsequently  hot-iso¬ 
showing  a  region  of  local  densification  sur-  statically  pressed  at  1000'C  for  30  min  at 

rounded  by  porous  regions.  207  MPa  (~30,000  psi)  argon.  Note  improve¬ 

ment  in  uniformity  compared  to  Fig.  4. 


Table  2.  Hot-isostatic  pressed  B^C-Al  densification  results.  All  samples  were  run  at  the  maximum 
temperature  with  a  30-min  hold  at  207  MPa  argon.  Heating  and  cooling  rates  of  50‘C/min  were  used 
at  207  MPa.  Porosity  was  determined  by  immersion  density  measurements  after  5  min. 


Aluminum  content 
(vo!%l 

B4C  av.  grain  size 
(/im| 

Maximum  temp 
CC) 

Sample  presintered 
1180X/2  min/~10  1  Pa 

Residual  connected  porosity 
(vol%) 

15 

55 

1000 

Yes 

3.30 

30 

5S 

1000 

Yes 

0.11 

45 

55 

1000 

Yes 

0.04 

30 

4 

730 

No 

>10 

Table  3.  Processing  tradeoffs  for  U,C-.M  cermets. 


Processing  tradeoff 

Parameters  that 
control  tradeoff 

Effect  of  tradeotf 
on  reaclive*liquid 
sintering  mechanism 

Optimum  processing 

Wetting  vs  evaporation 

High  temp  v*  low  temp 

Depletion  of  liquid 
aluminum  by 
evaporation 

Use  high  temperatures 
for  short  time* 

Chemical  reaction  vs 
densification 

Short  time  vs  tong  time 

Chemical  reaction  kinetics 
faster  than  i  nsification 
kinetics  results  in 
inhibiting  rearrangement  and 
depletion  of  aluminum  due  to 
new  phase  formation 

Speed  up  densification  rate 
by  applying  pressure  and/or 
slow  down  chemical  reaction 
rate  by  increasing  B,C 
grain  size 

Axial  pressure  vs 
isoslatic  pressure 


Hot  pressing  vs  HIP 


Stress  gradients 
inhibit  rearrangement 


HIP  presintered  compacts 


have  been  established  for  obta.ning  B4C-A1 
composites.  In  these  materials,  chemical  reac¬ 
tions  occur  between  800‘  and  1400'C.  These  in¬ 
terfacial  reactions  are  the  driving  force  for  the 
wetting  of  boron  carbide  by  molten  aluminum. 
Because  the  chemical  reactions  cannot  be  elim¬ 
inated,  it  is  necessary  to  process  B,C-Al  by  rap¬ 
idly  heating  to  near  1200 ‘C  (to  ensure  wetting) 
and  then  subsequently  heat  treating  below 
1200'C  (for  microstructural  development). 


Densification  is  inhibited  because  chemical  re¬ 
actions  occur  faster  than  capillarity-induced 
liquid  rearrangement.  Therefore,  it  is  neces¬ 
sary  to  apply  pressure  to  accelerate  densifica- 
tion  faster  than  the  kinetics  of  phase  formation, 
which  is  the  maior  hindrance  to  rearrangement 
during  pressureiess  sintering.  To  ensure  micro- 
structural  homogeneity,  it  is  ali-o  necessary  to 
apply  this  pressure  in  a  uniform  manner  by 
hot-isostatic  pressing  presintered  compacts. 
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IDENTIFICATION  OF  A  NEW  PHASE  IN  THE  AL-C-B  TERNARY  BY  HIGH  RESOLUTION 
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The  purpose  of  this  note  is  to  report  the  identification  of  a  ternary  (XI) 
phase  which  has  been  observed  as  a  reaction  product  during  the  processing 
.of  B  C-Al  composites.1  These  ceramic-metal  composites  (cermets)  have  the 
unique  potential  for  structural  applications  because  of  their  low  density 
(>  2.6  g/cc)  and  a  desirable  combination  of  mechanical  properties.2 
Guidelines  for  the  processing  of  B4C-A1  have  been  successfully  established; 
and  now  it  is  possible  to  produce  tailored  microstructures  with  varying 
amounts  of  constituent  phases.1*2 

The  samples  for  the  analysis  were  prepared  by  the  following  procedure. 

First,  it  was  necessary  to  heat  the  B4C  powder  compacts  in  excess  of  2000°C 
to  attain  an  interconnected  BUC  skeletal  structure.  Liquid  aluminum  was 
then  infiltrated  into  this  B4C  network  at  1170°C.  This  procedure  resulted 
in  microstructures  with  a  homogeneous  distribution  of  BUC  and  A1  phases  as 
depicted  by  the  BF/DF  pair  in  Figure  1.  Secona,  a  post-heat  treatment  in 
the  temperature  range  of  800-100Q°C  for  up  to  100  hrs  resulted  in  the 
formation  of  the  reaction  products  that  included  the  new  ternary  phase  as 
well  as  the  other  binary  (such  as  A1B2  and  A14C3)  and  ternary  (A1B12C2) 
phases  which  effectively  alter  the  properties  of  the  cermet.1*2  The 
morphological,  crystal lographical ,  and  compositional  identification  of 
this  new  phase  was  performed  by  high  resolution  TEM  imaging,  diffraction, 
and  spectroscopy  tecnniques. 

Figure  2  presents  a  BF/DF  pair  recorded  from  an  area  similar  to  that  of 
Figure  I,  in  which  the  new  phase  has  replaced  the  A1  and  BUC  regions. 
Interfaces  between  the  new  ternary  phase  and  B4C  are  coherent  and  fairly 
clean  as  depicted  in  the  HREM  image  in  Figure  3.  The  crystal  structure 
was  identified  to  be  hexagonal  by  both  electron  and  X-ray  diffration  by 
using  B4C  and  A1  as  internal  standards.  The  lattice  parameters  a0  ana  c0 
were  determined  to  be  3.520  A  and  5.820  A,  respectively  (c0/a0  =  1-65). 

The  compositional  analysis  was  performed  by  using  EELS.  Quantitation  was 
achieved  both  by  calculations3  and  by  using  standards,  namely  B„C,  A1B2, 
and  A14C3,  to  calculate  kg  q,  ^Al.B*  and  kAl  ,C *  respectively.  Figure  4 
presents  both  the  raw  specira  and’the  thickness-deconvoluted  and 
background-subtracted  spectra.  The  analysis  of  EELS  data  yielded  an 
approximate  composition  given  by  A14BC. 

A  combination  of  TEM  techniques  was  used  to  determine  the  crystal  structure 
and  composition  of  a  new  ternary  Xl-phase  in  the  Al-B-C  ternary  system. 
Studies  are  presently  underway  to  determine  the  unit  cell  structure  and 
the  space  group  of  the  Xl-phase  by  EELS  and  CBED  techniques. 

1.  D.  C.  Halverson,  A.  J.  Pyzik,  and  1.  A.  Aksay,  Ceram.  Eng.  Sci. 

Proc.,  6  [7-8]  763  (1935). 

2.  A.  J.  Pyzik,  I.  A.  Aksay,  and  M.  Sarikaya,  to  appear  in  Ceramic 
Microstructures,  '86:  Role  of  Interfaces.  J.  A.  Pask  and  A.  G.  Evans 
(eds.).  Plenum,  New  York,  1988. 

3.  R.  Egerton,  EELS  in  the  Electron  Microscope,  Plenum,  New  York,  1986. 

4.  This  research  was  supported  by  the  Air  Force  Office  of  Scientific 
Research  (AFOSR)  and  DARPA  and  was  monitored  by  AFOSR  under  Grant 
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FIG.  1.--3F/0F  pair 
revealing  homogeneous 
distribution  of  8UC 
particles  in  A1  matrix. 
DF  image  was  recorded  by 
using  an  A1  reflection. 
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FIG.  2.--8F/DF  pair  presenting  a  microstructure 
where  the  Xl-phase  has  replaced  Al.  DF  image 
was  taken  by  using  a  Xl-phase  reflection. 
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FIG.  3 . — HREM  image  of  a 
BuC-Xl-phase  interface; 
A:  Xl-phase,  and  B:  B4C. 
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FIG.  4. --An  EELS  spectrum  acquired  from  an  Xl-phase  region  revealing 
A1-L2i3,  8-K,  and  C-K  edges.  Deconvoluted  and  background  subtracted 
spectrum  is  also  shown.  (Conditions;  foil  thickness  =  0.73  m.f.p.; 
d  =  100  nm;  spectrometer  entrance  aperture  =  2.0  mm;  collection 
angle  ■  100  mrad;  acquisition  mode:  TEM  image;  serial  recording; 


IDENTIFICATION  OF  A  NEW  PHASE  IN  THE  AL-C-B  TERNARY  BY  HIGH  RESOLUTION 
TRANSMISSION  ELECTRON  MICROSCOPY 
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The  purpose  of  this  note  is  to  report  the  identification  of  a  ternary  (XI) 
phase  which  has  been  observed  as  a  reaction  product  during  the  processing 
of  B  C-Al  composites.1  These  ceramic-metal  composites  (cermets)  have  the 
unique  potential  for  structural  applications  because  of  their  low  density 
(>  2.6  g/cc)  and  a  desirable  combination  of  mecnanical  properties.2 
Guidelines  for  the  processing  of  B„C-A1  have  been  successfully  established; 
and  now  it  is  possible  to  produce  tailored  microstructures  with  varying 
amounts  of  constituent  phases. 1,2 

The  samples  for  the  analysis  were  prepared  by  the  following  procedure. 
First,  it  was  necessary  to  heat  the  B[»C  powder  comoacts  in  excess  of  2000I>C 
to  attain  an  interconnected  B,.C  skeletal  structure.  Liquid  aluminum  was 
then  infiltrated  into  this  BUC  network  at  1170°C.  This  procedure  resulted 
in  microstructures  with  a  homogeneous  distribution  of  B.,C  ana  A1  phases  as 
depicted  by  the  BF/DF  pair  in  Figure  1.  Secona,  a  post-heat  treatment  in 
the  temperature  range  of  800-1000'‘C  for  up  to  100  hrs  resuitea  in  the 
formation  of  the  reaction  products  that  included  tne  new  ternary  pnase  as 
well  as  the  other  binary  (sucn  as  A1B,  and  A1UC,)  and  ternary  (AIB.-C-) 
phases  which  effectively  alter  the  properties  of  the  cermet. ‘»2  The 
morphological,  crystal lograohical ,  and  compositional  identification  of 
this  new  phase  was  performed  by  high  resolution  TEM  imaging,  diffraction, 
and  spectroscopy  techniques. 

Figure  2  presents  a  BF/DF  pair  recorded  from  an  area  similar  to  that  of 
Figure  1,  in  which  the  new  phase  has  replaced  the  A1  and  BLC  regions. 
Interfaces  between  the  new  ternary  phase  and  BUC  are  conerent  and  fairly 
clean  as  depicted  in  the  HREM  image  in  Figure  3.  The  crystal  structure 
was  identified  to  be  hexagonal  by  both  electron  and  X-ray  diffration  oy 
using  B^C  and  A1  as  internal  standards.  The  lattice  parameters  ag  ano  cg 
were  determined  to  be  3.520  A  and  5.320  A,  respectively  (c0/ag  -  1.65). 

The  compositional  analysis  was  performed  by  using  EELS.  Quantitation  was 
achieved  both  by  calculations3  and  by  using  standards,  namely  BUC,  A13-., 
and  AI4C3,  to  calculate  kg  q,  k^g,  and  l^Al  ,C •  respectively.  Figure  4 
presents  both  the  raw  spectra  and’the  thickness-deconvoluted  and 
background-subtracted  spectra.  The  analysis  of  EELS  data  yielded  an 
approximate  composition  given  by  A14BC. 

A  combination  of  TEM  techniques  was  used  to  determine  the  crystal  structure 
and  composition  of  a  new  ternary  Xl-phase  in  the  Al-B-C  ternary  system. 
Studies  are  presently  underway  to  determine  the  unit  cell  structure  and 
the  space  group  of  the  Xl-phase  by  EELS  and  CBED  techniques. 

1.  0.  C.  Halverson,  A.  J.  Pyzik,  and  I.  A.  Aksay,  Ceram.  Eng.  Sci . 

Proc.,  6  [7-8]  763  (1935). 

2.  A.  J.  Pyzik,  I.  A.  Aksay,  and  M.  Sarikaya,  to  appear  in  Ceramic 
Microstructures,  '86:  Role  of  Interfaces,  J.  A.  Pask  and  A.  G.  Evans 
(eds.).  Plenum,  New  York,  1988. 

3.  R.  Egerton,  EELS  in  the  Electron  Microscope,  Plenum,  New  York,  1986. 

4.  This  research  was  supported  by  the  Air  Force  Office  of  Scientific 
Research  (AF0SR)  and  DARPA  and  was  monitored  by  AF0SR  under  Grant 
No.  AF0SR-33-0375. 


HICROOESIGNING  OF  CERAMIC- METAL  COMPOSITES 


A.  J.  Pyaik.  I.  A.  Akcay,  and  M.  Sarikaya 

Department  of  Materials  Science  and  Engineering 
College  of  Engineering 

University  of  Washington.  Seattle.  W'A  98195 


ABSTRACT 

Microdeaigning  of  ceramic-metal  comoositea  ia  described  in  chem¬ 
ically  compatible  and  incompatible  systems.  The  problems  associated  uith 
micro structural  design  are  addressed  with  respect  to  capillarity  and 
reaction  thermodynamics.  The  84C-AI  system  ia  used  to  illustrate  the 
formation  of  tailored  microstructures  which  exhibited  average  fracture 
strength  of  S21  MPa  and  fracture  toughness  of  9.7  MPa-m-72  at  jg  y/o  Al 
content. 


INTRODUCTION 

Ceramic-metal  composites,  when  properly  processed,  combine  the  use¬ 
ful  properties  of  ceramic  and  metal  materials  into  one  system.  Perhaps 
the  oldest  example  of  a  ceraaic-metal  composite  is  found  in  the  Ee-C 
system,  where  pearlite  combines  bcc-iron  and  rejC  into  a  eutectoid  micro¬ 
structure.  Formation  of  this  composite  structure  takes  place  through 
solid  state  reactions  below  7Z3°C. 

In  contrast,  the  synthetically  processed  group  of  refractory 
carbide— metal  composites  have  traditionally  been  processed  by  liquid 
phase  sintering.  Liquid  phase  sinttring  i*  an  effective  lower  cost 
fabrication  process; however,  its  applicability  to  ceramic-metal 
composites  has  only  been  illustrated  in  thermodynamically  compatible 
systems.  The  UC-Co  and  TiC-Ni  systems  are  the  best  studied  examples  of 
these  thermodynamically  compatible  systems.  Most  ceramic-metal  composite 
systems  of  interest,  however,  are  thermodynamically  incompatible  at  ele¬ 
vated  temperatures.  Therefore,  when  the  liquid  phase  sintering  approach 
is  attempted,  chemical  reactions  may  result  in  the  depletion  of  either 
the  metal  or  the  ceramic  phase  prior  to  full  densi f ication. 

Consequently,  a  number  of  difficulties  have  been  encountered  in  the 
development  of  many  ceramic-metal  composite  systems. 5-7  Low  tempera¬ 
ture.  solid-state  densif ication  Qethods  provide  a  evolution  to  the  phase 
depletion  problems  encountered  at  elevated  temperatures.  However,  the 
main  disadvantage  of  low  temperature  processing  methods  is  that,  in  the 
absence  of  chemical  reactions,  wetting  of  the  ceramic  by  the  metal  phase 
is  not  always  achieved.  In  such  cases,  even  with  high  pressure  forming 
techniques  porosity  is  not  completely  eliminated. 


densidcation 


Fig.  1.  The  relationship  between  key  processing  factors 

chat  play  a  key  role  on  micros  true  tore  development 
ana  mechanical  properties. 


In  this  paper,  we  illustrate  a  methodology  to  circumvent  the  pros- 
lems  encountered  in  Che  microdesigmsg  of  thermodynamically  incompatible 
ceramic-metal  composites  in  terms  of  the  wetting  characf  istics  ot  the 
ceramic  phase  by  the  metal,  the  rate  of  chemical  react;  \.s  at  the  inter¬ 
faces,  the  resultant  microstructures,  and  mecnanical  properties  (Fig.  1) 
The  wetting  requirement  is  satisfied  by  taking  aavantage  of  the  chemical 
reactions  between  Che  metal  and  the  ceramic  phases.  Since  the  retention 
of  the  metal  phase  in  the  final  product,  is  an  essential  requirement,  we 
minimise  the  detrimental  effect  of  the  chemical  reactions  by  using  an 
infiltration  technique  to  achieve  fully  dense  composites  prior  to  the 
depletion  of  the  metal  phase.  Optimisation  of  processing  parameters  and 
composite  properties  is  illustrated  with  the  case  studies  on  B^C-metal 
composites. 


capillarity  and  reaction  thermodynamics 

In  order  to  achieve  intimately  mixed  multiphase  combinations,  the 
first  requirement  is  to  control  the  wetting  characteristics  of  the  solid 
phases  by  the  liquid  metal.  At  high  temperatures,  solid,  liquid,  and 
vapor  phaaaa  are  often  under  chemical  nonequilibriua  condition!.  Under 
thaaa  conditiona,  chamical  reactions  at  the  interface!  result  in  a  change 
in  the  interfacial  free  energies  and  thus  the  contact  angle.9  In  moat 
cases,  nonwetting  systems  can  be  transformed  to  wetting  ones  by  taking 
advantage  of  these  chemical  reactions.9  However,  mars  transport  across 
the  interface  that  initially  results  in  wetting  may  now  result  in  the 
formation  of  new  phases  in  excessive  amounts.  The  formation  of  reaction 
products  may  then  lead  to  the  depletion  of  the  liquid  phase.  Therefore, 
in  most  ceramic-metal  systems,  tbe  control  of  chemical  reactions  is  the 
first  key  processing  factor  that  must  be  considered. 

A  typical  example  of  a  thermodynamically  incompatible  ceramic-metal 
system  is  the  84C-AI  composite  which  offers  advantages  in  low  density 
(<  2.7  g/cc)  applications.  In  this  system,  wetting  is  not  readily 
achieved  below  about  1100°C.  However  at  temperatures  above  1200°C,  a 
contact  angle  of  20°  is  achieved  within  three  minutes  (Fig.  2).  In  this 


Fig.  2 .  Contact  angle  of  molten  A1  on  2„T  as  a  :'or.:;;;r,  o: 
temperature  and  time. 


case,  the  condition  leading  to  wetting  is  associates  with  t.-.c  ratio 
formation  ot  new  phases.^  As  a  result,  liquid  prase  sintering  o:  u„u-Al 
composites  under  wetting  conoitions  leacs  to  a  raoid  decline  m  tre  mota. 
concent  and  to  its  eventual  depletion  prior  to  full  dent icat  ion .  Tr.e 
formation  of  seven  binary  ar.d  ternary  prases  .-.as  leen  estaoluned  between 
6 80°C  (rhe  nelting  temperature  or  Ai)  ana  14CC °C .  •  The  ma^tr  pnaces 
formed  are  A13i  and  A12C  belcw  lCCO'C.  A13i;Cj  ar.d  nl^ZZ  between  .  1 1C J 
and  1I00°C,  and  AlS^qui,  ana  AlqCj  above 

Most  of  the  reaction  products  that  lorn  in  tns  iuC-ZZ.  system  disclav 
high  elastic  moduli  and  hardnesses,  ar.o  low  densities.  Thus,  the  na¬ 
tion  of  these  reaction  products  can  be  beneficial  in  tr.e  tailoring  of 
multiphase  systems  of  a  desired  metal  content  wnen  fully  densified  dqu-Ai 
composites  are  subjected  to  a  post-neat  treatment  process.  In  order  to 
achieve  thia  goal,  hcvcver.  the  reaction  rates  must  be  controlled 
precisely.  As  will  be  shown  in  the  following  stetions,  a  pre-heat  treat- 
men  C  of  the  commercial  boron  carbide  powders  (CSX  1500)  above  1800°C  in 
reducing  conditions  can  be  utilized  to  significantly  raduca  tbe  reaction 
rates. **  Change  in  the  chemistry  of  BqC  creates  the  basis  for  the 
controlled  densification  of  B4C-AI  composites.^ 

In  contrast  to  the  S4C-AI  system,  an  example  of  a  thermodynami¬ 
cally  compatible  system  is  the  3i,C-Cu  composite.  Although  this  system 
offers  the  advantage  of  chemical  compatibility,  its  main  disadvantage  is 
that  the  wetting  angle  of  Cu  on  3<,C  is  higher  than  90°  at  temperatures  up 
to  1500JC.  Cu  may  be  forced  between  the  3 4C  grams  by  high  pressure, 
e.g.,  hot  isostatic  pressing,  techniques  to  achieve  high  densities;-- 
however,  the  resultant  composites  exhibit  very  low  fracture  strength  due 
to  weak  interfaces  created  between  tbe  metal  and  c-ranic  phases.  We  have 
illustrated  that  when  Cu  ia  alloyed  with  elements  that  are  reactive  with 
B4C,  e.g..  Si.  Mn,  or  Al .  contact  angles  smaller  than  90°  can  b« 
achieved.’ 3  This  allaying  approach  then  allows  a  processor  an  alternate 
epproech  to  control  the  rate  of  chemical  reaction(s)  and.  therefore,  the 
kinetics  of  wetting  at  a  given  temperature  (Fig.  3). 


time  (min) 

Fig.  3.  Contact  angle  of  sol  ten  Co-Si  alleys  on  3aC  as  a 
function  or  composition  and  rise. 


de:js:f:cat:cn  through  phase  R2ARRA:.cz:<E:rr 

Our  observations  have  shown  that  during  the  licuid  phase  sintering 
of  ceramic-metal  composites  phase  rearrangement  Decoces  the  major  ans 
often  the  only  mecr.anism  that  affects  the  uensif ication  behavior  ci  a 
coopact.  First,  enc-point  densities  lower  than  the  theoretical  densities 
aay  result  due  to  the  creation  of  large  voids  that  form  wnen  the  liquid 
aetal  rearranges  through  the  porous  composite.  Second,  the  nagmtuoe  cf 
shrinkage  depends  on  the  rearrangement  of  me  solid  particles  uncer  “he 
caoillar y  action  of  the  liquid  phase.  The  extent  of  phase  rearrangement 
deoencs  on  the  cegree  of  packing  density  and  choaical  inhcmogeneitios 
that  exist  in  a  powder  compact  after  the  initial  consolidation.  Cue  to 
phase  rearrangement,  these  inhomogenet les  are  amoiified  during  sintering. 
As  illustrated  below,  the  way  these  rearrangement  processes  take  place 
depends  on  the  chemical  compatibil icy  of  the  system,  wetting  characteris¬ 
tics  of  the  liquid,  and  the  kinetics  of  liquid  phase  motion. 

The  formation  of  large  voids  due  to  the  rearrangement  of  the  liquid 
phase  is  of  particular  concern  especially  in  chemically  incompatible 
systems.  Am  illustrated  in  Fig.  4,  sintered,  hot  pressed,  or  hoc  isosta- 
tically  pressed  B4C-AI  composites  all  possess  characteristic  large  voids 
surrounded  by  rigid  ceramic  shells.  The  steps  that  lead  to  the  formation 
of  these  voids  are  as  follows:  (i)  the  liquid  phase  moves  into  the 
ceramic  agglomerates  due  to  capillary  suction  and  thus  “he  volume  origi¬ 
nally  occupied  by  the  metal  powder  remains  as  void;  and  (ii)  dense  34C-AI 
agglomerate  regions  support  the  formation  of  binary  and  ternary  compounds 
as  solid  bridges  between  the  B4C  grains  and  thus  the  densif ication  pro¬ 
cess  stops  due  to  the  formation  of  a  solid  skeleton.11  Therefore,  in 
order  to  obtain  dense  oic restructures,  either  the  kinetics  of  solid 
rearrangement  needs  to  be  accelerated  and/or  the  kinetics  of  chemical 
reactions  hss  to  be  slowed  down.  For  instance,  hoc  isostatic  pressing 
can  be  used  to  enhance  densif ication  prior  to  the  formation  of  a  solid 
skeleton  structure.  However,  even  in  the  case  of  hot  isostatic  pressing, 
the  presence  of  closed  porosity  is  observed  due  to  the  formation  of  reac¬ 
tion  products.1® 
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Fig.  4.  B^C-Al  composites  showir.g  large  void 
ceramic  sheila. 
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Previous  studies  on  the  role  or  phase  rearrangement  during  liquid 
phase  sintering  suggested  that  agglomerates  that  act  as  the  suction 
media  tor  the  liquid  phase  can  be  uisintegrated  during  sintering  in 
systems  with  low  wetting  angles. *3 . -•*  Our  studies  also  confirmed  the 
validity  of  this  disintegration  mechanism  but  only  in  systems  where 
reaction  products  do  not  result  in  the  formation  of  a  continuous  skeleton 
between  the  particles.  In  the  ceramic-metal  systems  reported 
here,  we  illustrate  that  t^e  key  factor  to  be  considered  im  this 
disintegration  is  not  the  final  equilibrium  contact  angle  but  the 
kinetics  of  wetting  process  itself  (Fig.  3).  In  chemically  reactive 
systems  where  a  low  contact  angle  is  achieved  rapidly  (Fig.  3),  the 
suction  rate  of  the  liquid  phase  into  the  agglomerates  is  high.  In  these 
cases,  wa  observe  that  the  agglomerate  regions  are  infiltrated  rapidly 
and  bacoma  fully  dense  before  any  disintegration  takes  place  (Fig.  5(a)). 
In  the  absence  of  disintegration,  the  densif ication  process  stops  at  a 
low  end-point  density. 

On  the  other  hand,  the  mierostructural  development  in  a  composite 
with  an  initially  high  contact  angle  is  different  (Fig.  5(b)).  More 
uniform  microstructures  and  higher  end-point  densities  are  obtained  due 
to  the  disintegration  of  agglomerates. *5  The  eiact  mechanism  of  this 
disintegration  is  not  fully  understood.  However,  its  occurrence  is  very 
beneficial  with  respect  to  the  minimisation  of  density  of  inhomogenei- 
ties. 

The  problems  associated  with  phase  rearrangement  during  liquid  phase 
sintering  can  be  used  to  our  advantage  if  the  fabrication  process  is 
modified  to  infiltrate  a  monolithic  porous  ceramic  with  liquid  metal  in  a 
manner  similar  to  the  densif ication  of  agglomerates  discussed  above. 

This  approach  allovi  us  to  process  fully  dense  and  uniform  composites  as 
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long  as  che  hydraulic  resistance  and  the  thickness  of  the  porous  sub¬ 
strates  are  optimized  to  facilitate  a  rapid  infiltration  process.  In  the 
present  work,  porous  3qC  coapacts  were  prepared  by  a  colloidal  consolida¬ 
tion  technique.1!  In  order  to  aodify  the  surface  characteristics  of  the 
BqC  powder  and  also  to  obtain  a  high  density  3qC  skeleton,  the  coapacts 
were  first  heat  treated  in  a  vacuua  graphite  furnace  at  a  teaperature 
range  of  1300°  to  22C0°C.  These  porous  3qC  coapacts  were  then 
infiltrated  with  aolten  A1  at  12C0°C  for  15  to  60  ainutes.  As  a  result, 
two  aajor  types  of  34C-AI  coaposices  were  foraed.  In  the  first  type,  the 
aetal  is  coopiecely  depleted  to  fora  a  theoretically  dense  aulti-ceraaic 
oicrostr-JCture.  In  che  second  type,  a  predeterained  aaount  of  A1  is 
retained  in  the  final  product.  As  illustrated  in  the  sections  below,  in 
these  two  cases,  aicrostructures.  interfaces,  and  aecbanical  properties 
all  differ  considerably. 


MICHO STRUCTURES  AM)  INTERFACE  CHARACTERISTICS 

In  liquid  phase  sintering,  the  development  of  oicrostructure  depends 
aainly  on  the  sintering  teaperature  and  time.  On  the  other  hand,  in  the 
infiltration  technique  outlined  above,  aicrostructures  can  be  altered  in 
the  following  processing  stages:  (i)  dispersion  and  consolidation,  (ii) 
sintering,  (iii)  infiltration,  and  (iv)  post-heat  treatment.  The  primary 
advantage  of  the  infiltration  approach  is  that  the  distribution  of  both 
the  solid  and  liquid  phases  can  be  controlled  separately.  Furthermore, 
agglonerated  ceraaic  powders  can  also  be  used  to  fora  uniform  composite 
aicrostructures  by  the  intiltration  technique. 

Colloidal  dispersion  and  consolidation  of  the  3qC  powder  provides 
the  most  effective  approach  to  control  the  BqC/aetal  ratio  of  the  final 
product.  In  the  preparation  of  high  (>  70  v/o)  B4C  content  specimens, 
we  use  highly  dispersed  aqueous  suspensions  prepared  in  the  pH  range  of 
9-10.5.  Conversely,  for  low  3qC  concents,  we  work  with  flocculated 
aqueous  suspensions  prepared  at  pH  A.  This  adjustment  in  pH  results  in 
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Fig.  6.  SqC-Al  coaoosire  prepared  by  infiltration  approach 
(A)  Without  SqC  heat  treatment.  CB)  After  34C  heat 
treatment. 


variations  in  the  pore  sire  and  total  volume  or  the  3 4C  substrates.'- 1 
Subsequent  sintering  treatment  in  the  temperature  range  of  1300°  to 
22CQ°C  results  in  the  formation  of  porous  04C  "sponges".  The  aaount  of 
total  porosity,  grain  and  channel  connectivity,  and  the  cr.enicai  compo— 
si  toon  of  the  substrate  can  be  modified  deper.air.  g  on  the  sintering 
conditions.- 1  The  coaposites  fcraeo  after  the  infiltration  display  a 
bicontinuous  cicrostracture  of  34C  and  A1  phases  (Fig.  6).  When  the 
infiltration  tize  is  liaited  to  <  30  air.,  aost  of  the  34C/AI  interfaces 
are  atomically  clean  (Fig.  7a).  However,  binary  and  ternary  caapounds 
can  be  foraed  during  the  post-heat  treataent  step  (Fig.  7b). 


MECHANICAL  PROPERTIES 

Fracture  strength  (A-point  bonding)  and  fracture  toughness  (SE)3) 
values  for  the  3qC-Al  coaposites  prepared  by  the  infiltration  approach 
are  presented  in  Fig.  8.  The  data  points  on  the  solid  lines  are  given 
with  respect  to  the  initial  aaount  of  A1  used  to  fora  the  composites. 

The  best  results  were  obtained  at  36  v/o  A1  content,  i.e..  an  average 
fracture  strength  of  621  MPa  and  a  fracture  toughness  of  9.7  MPa  m1^. 
However,  the  properties  are  controlled  not  necessarily  by  the  total 
amount  of  the  recained  aetal  phase,  but  by  the  reaction  products  that 
fora  at  the  3qC-Al  interfaces.  For  instance,  two  specimens  with  diffe¬ 
rent  aetal  concents  initially,  e.g..  50  and  36  v/o,  can  be  brought  to  the 
same  retained  aetal  concent  of  32  v/o  after  the  post-heat  treataent 
(Fig.  8).  At  this  identical  aetal  content,  however,  their  properties  dif 
considerably  due  to  the  difference  in  the  aacunts  of  chenical  reaction 
products  present  in  the  aicrostructures.  Strength  aeasureaents  of  porous 
BqC  (17  to  AO  v/o  porosity)  indicate  that  the  ceranic  skeleton  itself  is 
not  responsible  for  the  deviation  froa  the  rule  of  aizture.  The  aaxiaa 
on  the  fracture  strength  and  Kjc  daca  appear  to  be  related  to  the  conti¬ 
nuity  factor  which  is  defined  as  the  average  number  of  connected  grains. 


initio!  oluminum  content,  (v/o) 


Fig.  8.  Fracture  toughness  and  fracture  strength  values  for 

B^C-Al  composites  as  a  function  of  initial  A1  content. 

The  interpretation  of  the  relationships  betveen  mechanical  proper¬ 
ties  and  microstructure  becomes  even  more  complicated  when,  instead  of 
the  pure  metal,  its  alloys  are  used.  Heat  treatment  conditions  and 
interactions  of  alloying  elements  with  the  ceramic  phase(s)  are  more 
influential  on  the  properties  than  the  ceramic-to-me cal  ratio.  The 
effect  of  alloying  is  illustrated  in  Fig.  9,  where  rCnooo  microhardness 
values  for  B4C-AI,  B4C-2024-AI  alloy,  and  34C-7075-A1  alloy  composites 
are  plotted  with  respect  to  the  initial  metal  content.  The  lack  of 
variation  in  the  microhardness  for  composites  with  high  metal  content  is  due 
to  the  tendency  of  alloying  elements  for  segregation  and  precipitate 
formation  at  the  B^C  grain  boundaries.  As  a  result,  at  high  A1  contents, 
bulk  hardness  remains  similar  to  that  of  pure  Al.  Differences  in 
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Fig.  9.  Knobp  aicrchardr.ess  of  S4C-AI,  B4C-2C2A  Al.  3&C- 
7075  Al  ailoys,  as  a  function  of  final  aluminum 
concent . 


hardness  for  composites  with  lew  metal  content  nay  be  explained  cn  the 
basis  of:  (i)  the  formation  of  hard  phases  due  to  chemical  reactions 
between  the  alloying  elements  (e.g.,  Cr.  Mr.)  and  3 ^C;  and  (is)  high  Cu 
and  Mn  activity  as  grain  refiners  in  Al.  However,  to  confirm  this 
hypothesis,  a  detailed  analysis  of  the  microscruc cures  and  the  interfaces 
has  to  be  performed  at  high  spatial  resolutions.  < 


CONCLUSIONS 

In  the  microdesigning  of  ceramic-metal  composites  in  the  presence  of 
liquid  metal,  the  following  main  points  have  to  be  considered: 

(1)  Phase  rearrangement  is  the  major  der.sif ication  mechanism.  The 
magnitude  of  densif ication  is  related  to  the  wetting  kinetics  and  to  the 
occurrence  of  chemical  reactions.  Liquid  metal  notion,  if  controlled, 
can  be  beneficial  with  respect  to  the  uniformity  of  the  final  prccuct. 

(2)  The  selection  of  a  processing  technique  is  directly  related  to 

the  microscruc ture  desired.  The  utilisation  of  the  infiltration  approach 
provides  an  advantage  in  tailoring  microstructures  with  precise  ceramic- 
to-metal  ratio,  grain  sice,  phase  continuity,  and  the  spatial  distribu¬ 
tion  of  the  phases.  , 

(3)  In  chemically  reactive  systems,  post-heat  treatment  can  be  used 
as  an  additional  step  to  modify  the  microscruc tures  through  the  formation 
of  reaction  products  and  thus  lower  the  amount  of  the  metal  phase  to  any 
desired  level. 
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INTRODUCTION 

Colloidal  systems  containing  spherical  particles  have  been  shown  to  display 
disorder  order  transitions.'  2  Since  these  transitions  resemble  the  liquid  to 
crystal  transitions  of  atomic  systems,  many  attempts  have  been  made  to  outline 
the  stability  regions  of  the  colloidal  liquid  and  crystalline  structures  in  phase 
diagram  forms. 2  The  structural  characterization  of  these  phases  has  also  been  the 
subject  of  numerous  studies.2  In  the  crystalline  form,  these  structures  are  often 
easily  recognized  by  their  bright  iridescent  colors.  In  the  most  commonly 
accepted  theoretical  treatments,  the  existence  of  highly  repulsive  interparticle 
interactions  arc  considered  to  be  the  essential  requirement  for  the  formation  of 
colloidal  crystals.2 

In  contrast  to  this  prevailing  view,  in  this  chapter  we  point  out  our  obser¬ 
vation  on  the  formation  of  colloidal  crystals  through  spontaneous  gas  to  con¬ 
densed  phase  transitions  which  can  only  be  realized  when  net  attractive 
interactions  exist.  Including  our  new  interpretations,  we  now  present  an  all- 
inclusive  treatment  of  phase  stability  in  colloidal  systems  combining  gas. 
liquid,  and  crystal  phases  and  transitions  among  them.  Further,  we  provide 
experimental  data  on  the  unifying  hierarchical  features  of  the  colloidal  solids 
and  their  interpretations. 


BASIC  PHASE  DIAGRAM  OF  THREE  AGGREGATES 

In  discussing  the  phase  diagram  of  colloidal  systems  the  main  requirement  is 
that  the  interparticlc  potential  must  be  known  as  a  function  of  the  system 
parameters.  In  our  experimental  studies  we  specifically  worked  with  systems 
where  the  particles  interacted  electrostatically.  Therefore,  the  discussion  in  this 
paper  will  be  limited  to  such  interaction. 

In  electrostatic  systems,  the  repulsion  energy  between  two  colloidal  particles 
can  be  expressed  by  the  DLVO  theory.'*  The  combination  of  this  repulsive 
potential  with  the  energy  of  attraction  due  to  the  van  dcr  Waals  forces  results 
in  a  pairwise  potential  that,  in  general,  has  a  maximum  (either  in  the  repulsive 
or  attractive  range)  separating  two  minima  (both  in  the  attractive  range).4 
A  complete  particle-particle  contact  is  prevented  at  a  cutoff  point  due  to  the 
presence  of  a  semiincompresstble  fluid  envelope  surrounding  the  particles.4,1 


t 
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Therefore,  for  the  phase  transitions  with  which  we  are  concerned,  the  particles 
do  not  come  to  the  primary  minimum  which  is  at  a  much  smaller  interparticle 
separation  distance  than  permitted  by  the  fluid  envelope.  In  this  work,  the 
key  property  of  the  potential  energy  curves  is  that  the  binding  energy  c  at  the 
cutoff  point  is  approximately  proportional  to  !  where  (  is  the  zeta  potential.4 
When  we  use  the  lattice  model  in  calculating  the  phase  diagram  of  the  system, 
as  will  be  explained  below,  we  can  use  the  c  as  the  representative  interaction 
potential,  and  then  make  an  approximation  that  c  is  proportional  to 

rx  C"1  ID 

It  is  not  the  purpose  of  this  chapter  to  emphasize  the  functional  dependence 
r1  but  to  make  use  of  the  general  qualitative  dependence  of  r.  on  the  inverse 
power  of£. 

In  understanding  experimental  observations  of  phase  transitions  in  colloidal 
systems,  we  distinguish  the  essential  features  and  additional  features.  The 
essential  features  can  be  provided  by  equilibrium  phase  diagrams  of  atomic 
systems.  Since  we  are  interested  in  qualitative  properties  of  the  system,  2-D 
phase  diagrams,  rather  than  three,  are  sufficient  for  understanding  the  basic 
phase  diagram  properties.  Further,  in  order  to  make  the  theoretical  treatment 
of  phase  diagrams  easier  for  a  variety  of  cases,  we  work  with  lattice-gas  model 
rather  than  with  the  more  rigorous  continuum  space  computation  which  is 
time  consuming.  An  example  of  the  2-D  lattice  gas  model  calculations  is  that  of 
Kikuchi  and  Calm,6  which  treated  the  grain  boundary  melting  phenomenon, 
and  is  accepted  as  predicting  essential  features  of  the  processes  occurring  in 
3-D  grain  boundaries.  In  this  chapter  we  also  base  our  discussions  on  results 
due  to  the  lattice  gas  model  which  was  used  in  Ref.6 

The  method  of  formulation  leading  to  the  theoretical  phase  diagram  of 
Fig.  54.  Iu  is  sketched  here.  The  calculation  was:  done  using  the  cluster  variation 
method  (CVM).  The  system  contains  one  kind  of  particles  and  vacancies  and 
is  described  using  the  square  lattice  as  the  underlying  structure  Fig.  54. lb. 
The  intcrparticle  potentials  are  chosen  in  the  same  way  as  by  Orban  et  al.1 
When  a  particle  exists  at  A,  the  nearest-,  second-,  and  third-neighbor  lattice 
points  are  excluded,  and  a  second  particle  can  approach  A  up  to  point  B. 
In  the  treatment,  we  used  two  interaction  potentials  £„  and  £«..  Particle  pairs 
farther  away  are  not  considered  as  contributing  to  the  potential  energy.  The 
equilibrium  state  is  derived  by  writing  the  Helmholtz  frec-cncrgy  F  and 
calculating  the  minimum  of  F  as  outlined  in  Ref.  6.  In  the  phase  diagram  of 
Fig.  S4.lu,  (he  temperature  scale  is  normalized  by  e  =■  |c4C|.  Similarly,  the  density 
scale  is  normalized  by  the  density  of  a  fully  occupied  lattice  structure.  We  use 
the  phase  diagram  in  Fig.  54.1  in  qualitatively  interpreting  experimental  obser¬ 
vations.  As  many  previous  examples  show,  theoretical  diagrams  of  2-D  systems 
can  safely  be  used  in  interpreting  experiments  of  three  dimensions.  Naturally 
we  avoid  accurate  numeriail  comparison  of  3-D  experiments  and  2-D  theory. 
We  can  also  use  the  phase  diagrams  which  are  calculated  for  equilibrium  systems 
in  interpreting  nonequilibrium  phenomena.  In  this  case  again,  the  equilibrium 
calculations  are  to  be  used  as  a  qualitative  guideline;  when  numerical 
comparison  is  to  be  attempted,  special  care  is  needed. 
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In  atomic  systems,  the  reduced  temperature  scale  kT/c  of  the  phase  diagram 
is  only  proportional  to  the  thermodynamic  temperature  T  since  the  pair 
potential  in  a  given  system  is  usually  treated  as  fixed.  However,  when  we  work 
with  colloidal  systems,  the  interaction  potential  can  be  easily  varied.  Thus, 
in  the  case  of  electrostatically  interacting  particle  systems,  using  the  approximate 
property  expressed  in  ( 1 1,  we  can  work  with  a  reduced  temperature: 


where  (0  is  a  normalization  constant.  The  relation  (2)  is  crucial  in  interpreting 
the  phase  diagram  of  colloidal  systems  as  analogous  to  the  three  aggregate 
phases  of  atomic  systems.  At  the  high  T,  end  of  the  system,  our  treatment 
approaches  that  of  repulsive  interaction  systems,  while  for  the  low  TR  region 
the  attractive  interaction  is  appropriately  taken  into  account.  The  essential 
point  of  our  proposed  interpretation  (2)  is  that  even  when  the  thermodynamic 
temperature  T  is  kept  fixed,  the  reduced  temperature  T*  can  be  varied  by 
changing  the  (-potential,  and  thus  the  "temperature"  versus  composition  phase 
diagram  can  be  used  even  for  a  constant  T. 

HIERARCHICAL  STRUCTURE  OF  CLUSTERS 

We  can  now  use  the  phase  diagram  in  Fig.  54.1  in  interpreting  experimental 
observations.  In  a  dilute  suspension,  for  example  at  the  point  G  in  Fig.  54.lu, 
colloidal  systems  display  gaslike  behavior.  As  the  number  density  p  of  the 
colloidal  particles  is  increased  (along  path  1 1,  this  gaslike  state  changes  con¬ 
tinuously  to  a  liquidlike  state  at  L.  Finally,  for  p  larger  than  a  certain  density 
Lr,  the  liquidlike  slate  transforms  to  a  solidlike  state  5'  through  a  first  order 
transition.'  In  the  phase  diagram  of  Fig.  54.l«.  the  region  where  such 
transitions  arc  observed  is  above  the  critical  point.  CR. 

On  ihe  other  hand,  when  this  same  suspension  displaying  gaslike  behavior 
is  shifted  (along  path  2)  from  its  dispersed  state  G.  to  a  new  state  G‘  of  a  lower 
kT/c  or  (-potential  value,  we  observe  a  distinct  first  order  transition  of  gas  to 
condensed  phase.  Our  work  with  nearly  monosize  (0.7  pm)  SiOj  particle 
systems  showed  that,  when  a  colloidal  system  is  within  the  miscibility  gap, 
some  of  the  particle:  in  ill-  suspension  start  forming  permanent  multipart ide 
dusters,  that  is,  colloidal  solids."  In  the  gravitational  field,  due  to  their  higher 
effective  mass,  these  clusters  are  separated  from  the  remaining  portion  of  the 
primary  particles  as  a  result  of  differential  settling.  The  primary  particles, 
which  stay  dispersed  until  they  eventually  sediment  due  to  gravitational  force, 
result  in  the  formation  of  a  cloudy  supernute,  that  is,  colloidal  gas. 

This  phenomenon  of  cloudy  supernalc  formation  has  long  been  observed 
by  various  researchers  in  flocculating,  that  is,  condensing,  systems."10  Experi¬ 
ments  by  Siano10  suggested  the  possibility  of  spinodal-decomposition  like 
fluid -fluid  phase  segregation  in  colloidal  systems.  This  interpretation  is  in 
agreement  with  the  phase  diagram  presented  here.  Similarly,  the  work  of 
Vincent  and  coworkers"  illustrated  ihe  coexistence  of  singlet  particles  as  the 
gas  phase  with  clusters  of  particles  in  weakly  interacting  particle  systems  in 
accordance  with  our  interpretation.  In  recent  theoretic:!  treatments,  the  co- 


existence  of  colloidal  gas  and  liquid  phases  below  a  critical  point  has  also  been 
predicted. 11  Thus,  in  view  of  our  experiments  and  supportive  evidence  in  the 
literature,  we  propose  that  the  stability  regions  of  colloidal  phases  are  outlined 
in  the  generalized  phase  diagram  of  Fig.  54. 1  u. 

Our  theoretical  treatment  of  the  phase  diagram  (Fig.  54.1)  has  been  done  for 
an  idealizing  condition  that  the  colloidal  solid  can  be  assumed  to  form  a  single 
crystal  and  its  structure  approaches  a  perfect  state  (i.e.,  no  vacancies)  as  k'f'c 
approaches  zero.  However,  experiments  are  usually  far  from  ideal  and  the 
formation  of  polycrystalline  structures  is  the  rule  rather  than  the  exception.1  1 1 
Microstructural  variations  in  these  polycrystalline  colloidal  solids  formed  at 
three  different  (-potential  levels  of  the  phase  diagram  are  illustrated  in  the 
scanning  electron  micrographs  of  Fig.  54.2.  Particle  clusters  are  formed  during 
colloidal  solidification.  Note  the  special  arrangement  of  these  particle  clusters. 
The  first  generation  of  clusters  begin  as  domains  and  are  formed  by  close 
packing  of  primary  particles.  The  domain  size  decreases  with  increasing  inter¬ 
particle  binding  energy  or  decreasing  T„.  The  collection  of  a  number  of  these 
domains  results  in  the  formation  of  second  generation  clusters.  The  structure 
of  these  second  generation  clusters  displays  continuous  variations  in  the  inter- 
domain  void  space.  At  the  high  kT/r.  end  of  the  spectrum  where  the  interparticle 
binding  energy  is  low,  light  domain  interlocking  results  in  polydomain 
structures  which  closely  resemble  polycrystalline  atomic  structures  and  are 
easily  recognized  as  colloidal  crystals  due  to  their  iridescent  characteristics.1,1 

With  increasing  interparticle  binding  energies,  domain  interlocking  efficiency 
decreases  since  domains  become  increasingly  rigid  and  thus  behave  as  hard 
sphere  packing  units  themselves.  The  combined  clTcct  of  the  decreasing  domain 
size  and  the  increasing  interdomain  void  space  is  the  loss  of  the  iridescent 
property  of  the  colloidal  solids.  At  the  low  T„  end.  an  additional  contribution 
to  the  low  packing  elliciency  may  be  the  formation  of  third  generation  clusters 
and  the  associated  void  space  with  the  grouping  of  second  generation  clusters. 
Fig.  54.3.  The  most  important  concept  illustrated  by  our  observations  is  that  a 
hierarchy  of  microstructures  can  be  obtained  by  varying  the  degree  of  interaction 
between  particles  as  described  by  T, . 

This  experimental  evidence  on  the  structure  of  colloidal  solids  suggests 
the  modification  needed  in  interpreting  the  theoretical  phase  diagram  of  Fig. 
54.lu  when  compared  with  experiments.  Remember  that  the  density  of  the 
solid  phase  in  the  theory  is  only  with  respect  to  the  intradomain  regions.  In 
Fig.  54.3a,  we  provide  experimental  data  on  the  density  of  colloidal  solids, 
obtained  by  sedimentation  volume  measurements,  as  a  function  of  kT/c.  As 
the  interparticle  binding  energy  is  increased  (going  to  smaller  kT/c  values), 
a  significant  decrease  in  the  density  of  colloidal  solids  is  observed  below  the 
critical  point.  The  prime  cause  of  this  density  decrease,  in  the  subcritical  region, 
is  the  retention  of  third  generation  void  space  in  the  colloidal  solids  formed  by 
gravitational  settling.  However,  when  such  a  system  is  consolidated  further  by 
centrifugation,  all  the  third  generation  voids  can  be  eliminated  completely 
and  the  density  becomes  greater  than  that  shown  in  Fig.  54.3u.12 


CONCLUSION 


In  colloidal  systems  the  interparticlc  energy  t  can  be  controlled  through 
chemical  adjustments  to  the  fluid  matrix  surrounding  the  colloidal  particles. 
An  important  implication  of  this  property  is  that  even  when  the  thermodynamic 
temperature  is  kept  fixed,  changing  the  potential  energy  by  other  means  than 
T  has  the  same  effect  as  changing  T  of  phase  diagrams  for  atomic  systems.  The 
stability  regions  of  colloidal  gas,  liquid,  and  solid  phases  are  outlined  with  a 
theroetically  calculated  kT/c  versus  density  phase  diagram.  In  experiments, 
it  is  noted  that  the  colloidal  solids  display  (continuous)  variations  in  the  size  and 
packing  of  particle  clusters  as  a  function  of  kT/c.  The  first,  second,  and  third 
generations  of  clusters  and  voids  are  clearly  distinguished.  This  observation  on 
the  hierarchical  nature  of  the  colloidal  solids  plays  a  key  role  in  our  generalized 
treatment  of  the  colloidal  phase  transitions. 

The  types  of  phase  transitions  discussed  in  this  paper  are  of  interest  in  diverse 
fields.2  For  instance,  colloids  play  an  important  role  in  the  processing  of  high- 
technology  ceramics.14  Colloidal  fluid-to-solid  transitions  have  been  widely 
observed  in  biological  systems.2  Furthermore,  these  colloids  arc  ideal  models 
for  simulating  atomic  systems.  Although  the  theoretical  phase  diagram 
presented  here  is  based  on  idealized  colloidal  phase  structures,  it  serves1214  1S 
the  purpose  of  outlining  colloidal  phase  stability  regions  in  a  generalized  form 
with  sufficient  accuracy  when  we  accept  the  new  hierarchical  interpretation 
of  clusters  and  voids  observed  in  the  solid  structure. 


ACKNOWLEDGMENTS 

The  major  part  of  this  work  was  sponsored  by  the  Office  of  Naval  Research 
under  Contract  No.  N0G0:4-S2-K.-0336  a.id  in  part  by  the  Advanced  Research 
Projects  Agency  of  the  Department  of  Defense  and  was  monitored  by  the  Air 
Force  Office  of  Scientific  Research  under  Grant  No.  AFOSR-83-0375. 


« 


6 


REFERENCES 


I  T  Aifrey,  Jr  ,  E.  B.  Bradford,  and  J  W  Vanderhoff.J  Opt  Soc  Amer  44.  603  ( 1954).  W  Luck. 
M  Klier.  and  H  Weislau.  Ber  Bum**#*  Phv »  Chem  67.  75.  84(1963).  P  A  Hiltner  and 
l  M  Knefer.  J  Phys.  Chem.  73.  2386(19691.  A  Kosc.  M.  Oiakc  K.  Takanu.  Y  Kobayashi. 
and  S  Hachisu,  J  Colloid  Interface  Set.  44.  330(19731. 

2.  I.  F  Efremov,  in  Surfaie  and  Colloid  Siteni  »•.  F  Mjujevtc.  Ed..  Wiley.  New  York.  1976.  Vol  8. 
pp  85  192. and  P  Pieranski.f'onrrmp  Ph v\  24. 25 1 1 983)  provide  estensive  review*  on  ordered 
colloKlal  systems. 

3  J  A  Beuncn  and  L  R  While.  Colloid »  and  Surfaces  3.  371  (1981).  P  M  Chaikin.  P  P.ncuv 
S.  Alexander,  and  D  Hone.  J  Colloid  Inter  foie  Set  89,  555  (19821.  and  reference*  cited  in 
these  to  earlier  literature 

4  J  Th  G  Overbeek.  J  Colloid  Interim  e  Set.  «.  408  ( 1977) 

5.  G.  FrensandJ  Th.  G.  Overbeek.  J  Colloid  Interface  Sit  38.376(19721. 

6  R  Kikuchi  and  J  W  Cahn.  Phys  Rev  B2I.  1893(1980). 

7.  J.  Orban.  J.  van  Crean.  and  A.  Bellman*.  J.  Chem.  Phys.  49.  1778  (1968). 

8  A  detailed  account  of  this  work  which  was  performed  with  an  X-ray  absorption  unit  will  be 
published  cl »ew here 

9  J.  A.  Long,  D.  W  J  Osmond,  and  B  Vincent.  J  Colloid  Interface  Sci  42.  545  (1973),  and  C 
Cowdl  and  B  Vincent,  ibid  >7.  518 1 1982) 

10.  D  B  Siano.  J.  Colloid  Interface  Sn  68.  1  III  1979) 

11.  M  J  Crimson.  J  Chem.  Sue.  Faradav  Tran s  2.  79.  K 1 7  11983);  and  J  M  ^  ivlor  and  J  P 
Hansen.  J  Phys  left  43.  L  307  t 1 9841 

12.  R  M  Allman.  Ill  and  l  A  Aksay.  to  be  published 

13.  P  Pieranski.  in  Phsstcs  of  Delvits,  R  Dalian  el  al..  Eds.  North-Huiland.  Amsterdam.  1981. 
pp  183  200 

14  |.  A.  Akuy,  in  .4i/i  ow n  m fVrc/wio.  J  A  Manuels  and  G  L  Messing  l.d*  .  American L  ctamte 
Society.  Columbus.  OH.  1984.  Vol  9.  pp  94  1  04 

15  M  Yasrcbi.  Kinetic*  of  Flocculation  in  Aqueous  Alpha  Alumina  Suspensions.  M  Sc  Thesis. 
UCLA.  1984 


Figure  34.1  hi|  Phase  diagram  for  a  one  component  colloidal  system  ol  monosi/c  spherical  part¬ 
icles  calculated  by  the  cluster  sanation  method  based  on  the  two  dimensional  square  lattice  model 
of(/i)  IX’nsity  scale  is  normalized  with  respect  to  a  fully  iKxuptcd  Ijllice  structure 

Figure  54  J  (u|  The  arrangement  of  particle  domains  formed  by  centrifugal  sedimentation  of  SiO, 
microsphcres  (average  diameter  -  0.7  pm)  m  HjO  at  £  »  1 10  mV  (top).  (  ■  &8  mV  (middle),  and 
(  *  0  mV  (bottom)1 2  (6)  image*  where  only  (he  second  generation  void*  arc  highlighted  as  dark 
regions  in  order  to  illustrate  the  continuous  variations  in  the  domain  size  with  (-potential 
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Figure  34J  (a)  Variation*  in  the  sedimentation  density  (relative  to  the  total  volume)  of  colloidal 
solids  a*  a  function  oflC/C.,)1  where  (.,  is  the  /eta  potential  at  the  critical  point  th)  scanning  clear  on 
micrograph  of  particle  clusters  formed  at  low  lH  values. 
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We  have  calculated  the  phase  diagrams  of  charged  colloidal  particles  in  the  parameter  space. 
The  free  energies  of  different  phases,  which  were  used  to  determine  the  phase  boundaries,  were 
calculated  variationally.  The  Einstein  oscillators  and  the  hard  sphere  fluid  were  used  as  the 
reference  systems  for  the  solid  phases  and  the  liquid,  respectively.  The  interparticle 
interactions  were  approximated  to  be  the  Debye-Hiickel  screened  Coulomb  potential  with  size 
correction.  We  show  that  the  solid  phases  are  stable  at  low  salt  concentrations:  bcc  is  preferred 
only  at  high  charges  and  at  low  densities  while  fee  is  dominant  at  higher  densities.  The  solid 
phases  melt  upon  the  addition  of  salt:  bcc  may  or  may  not  transform  to  fee  before  meiting. 
depending  on  the  particle  number  densities.  No  reentrant  transition  is  found  upon  the  addition 
of  salt.  When  the  particles  are  extremely  highly  charged,  the  system  may  undergo  fcc-bcc-fcc 
transitions  at  nonzero  salt  concentration  when  the  particle  number  density  is  increased. 


I.  INTRODUCTION 

The  study  of  the  colloidal  suspensions  of  electrically 
charged  particles  such  as  polystyrene  or  silica  spheres  has 
received  much  attention.1  These  colloidal  systems  can  be 
regarded  as  scaled-up  atomic  systems  with  charges,  particle 
sizes,  and  length  scales  lO'-lO5  times  larger  than  the  typical 
atomic  species.  The  particles  constitute  "ions"  and.  in  the 
case  of  aqueous  systems,  the  interaction  between  them  is 
classically  screened  by  either  H  ,0  *  or  OH  “ .  The  monodis- 
perse  suspensions  are  observed  to  be  disordered  ( the  "liq¬ 
uid"  phase  1  at  low  densities  and  crystalline  when  the  density 
is  high.1  *  The  average  interparticle  distance  is  often  in  the 
order  of  the  visible  light  wave  length;  and.  hence  the  cry  stal¬ 
line  phase  can  Bragg-difTraci  visible  light  and  thus  result  in 
opalescence.  Most  often,  the  crystalline  structure  is  found  to 
be  face-centered-cubic  (fcc).:j  In  some  dilute  polystyrene 
suspensions  where  panicles  have  high  surface  charges  tin 
the  order  of  1000  electronic  charges),  body-centered-cubic 
(bcc)  structure  is  found.*”'' 

Unlike  their  atomic  counterpans,  the  interparticle  in¬ 
teractions  in  colloids  can  be  vaned  in  a  wide  range  by  adjust¬ 
ing  the  parameters  such  as  the  salt  concentration,  the  pani¬ 
cle  number  densities,  and  the  panicle  surface  charge.  It  is 
therefore  possible  to  talk  about  the  phase  diagram  in  the 
parameter  space.  So  far.  the  calculated  phase  diagrams  have 
either  been  based  on  an  effective  hard-sphere  model1  which 
is  unable  to  produce  a  bcc  phase,  or  based  on  solid-phase 
calculations10  which  did  not  treat  the  liquid  phase  adequate¬ 
ly.  Shih  and  Stroud 1 1  have  done  a  two-phase  calculation  for 
the  freezing  but  they  did  not  look  into  the  stabilities  of  var¬ 
ious  solid  phases. 

It  is  the  purpose  of  this  paper  to  calculate  a  more  com¬ 
plete  phase  diagram  by  treating  all  the  phases  at  equal  fool¬ 
ing.  That  is.  the  phase  diagram  will  be  calculated  by  directly 
companng  the  Helmholtz  free  energy  of  different  phases 
(bcc.  fee.  hep.  and  liquid)  at  the  same  parameters.  In  princi¬ 
ple.  one  should  draw  a  common  tangent  between  the  Helm¬ 
holtz  free  energies  of  two  different  phases  in  the  free  energy 
vs  particle  number  density  in  order  to  determine  the  phase- 
coexistence  regions  in  the  phase  diagram;  but.  the  theory  is 


not  accurate  enough  to  allow  this  procedure.  Our  aim  is  then 
to  get  a  correct  qualitative  account  for  the  phase  diaarams 
through  our  consistent  way  of  treating  different  phases:  tne 
free  energies  of  all  phases  are  calculated  via  a  vananonal 
principle  based  on  the  Gibbs-Bogolyubov  inequality.  Ein¬ 
stein  oscillators  are  used  as  the  reference  systems  for  the 
crystalline  phases  and  a  hard-sphere  fluid  as  that  for  the 
liquid.  This  procedure  has  been  proven  to  give  very  good 
results  for  the  polyvalent  metallic  systems."'  We  expect  it  to 
work  well  for  the  present  case.  The  interparticie  interaction 
is  approximated  to  be  the  Debye- Hiickel-screenetl  Coulomb 
potential  with  size  correction.  The  Debye-Huekel  approxi¬ 
mation  is  correct  w hen  the  particle  number  densitv  is  iow  or 
the  screening  is  weak.  i.e..  t/a,  S  1.  where  y  is  the  inverse 
screening  length  and  a,  the  average  interparticie  distance. 
Since  our  interest  is  to  determine  the  phase  boundaries  in  the 
part  of  the  phase  diagram  w  here  Bcc  is  likely  to  appear,  the 
Debye-Hiickel-scrcened  potential  should  then  weil  repre¬ 
sent  the  interparticie  interactions  in  those  regions  where  the 
panicle  number  density  is  usually  low. 

We  now  turn  to  the  body  of  the  paper.  Section  II  briefly 
describes  the  formalism.  Section  III  gives  the  resuits  and 
discussion.  Some  concluding  remarks  are  given  in  Sec.  IV. 

II.  FORMALISM 

We  consider  an  aqueous  colloidal  suspension  of  iV 
spherical  panicles,  each  of  radius  a.  in  volume  11.  and  at 
absolute  temperature  T.  Each  particle  has  an  effective 
charge  Z.  The  aqueous  medium  has  a  static  diclectnc  con¬ 
stant.  The  .YZ  H.O  *  or  OH  ~  ions  in  the  solution  will  neu¬ 
tralize  the  particles  if  no  electrolyte  is  added  to  the  solution. 
When  the  suspension  is  not  too  dense  or  the  temperature  is 
not  too  low,  the  interaction  between  particles  can  be  ade¬ 
quately  treated  within  the  Debye-Hiickel  approximation.  In 
MKSA  units,  the  interaction  takes  the  form 


where  f„is  the  permittivity  of  free  space,  e  is  the  static  dielec¬ 
tric  constant  of  the  aqueous  medium,  e  is  the  electronic 
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charge,  r  is  the  distance  between  particles,  and  q  is  ihe  in¬ 
verse  screening  length  which  satisifes 


where  kB  is  the  Boltzmann  constant.  Z,  and  n,  are  the 
charge  and  ihe  number  density  of  the  ith  species  of  ions, 
respectively.  In  Eq.  (2.1),  the  particles  are  assumed  to  be 
point-like.  If  the  particles  have  a  finite  size,  the  interaction  is 
modified  as 


(-ZLXLZ, 

4ire0f  \  1  +  qa)  r 


where  a  is  the  radius  of  the  panicles.  The  factor 
[e,V  (1  +  qa )  ] 1  takes  into  account  the  fact  that  the  particles 
are  not  point-like  and  part  of  the  volume  in  the  solution  is  not 
available  for  screening  because  it  is  occupied  by  the  particles. 
The  size  correction  is  important  as  is  pointed  out  by  Shih  and 
Stroud 1 1  in  order  to  avoid  reentrant  melting  at  high  densities 
which  is  purely  an  artifact  of  the  point-like  interaction  as¬ 
sumed  in  Eq.  (2.1). 

When  the  colloidal  suspension  is  at  equilibrium,  its  ther¬ 
modynamic  properties  are  determined  by  the  Helmholtz  free 
energy  f  =  E  —  TS,  where  E  is  the  internal  energy  and  S'  the 
entropy.  For  a  system  of  particles  interacting  via  the  poten¬ 
tial  ( 2.3 ) ,  the  free  energy  per  particle  E  takes  the  following 
form: 

F=-L(-^—YyI^LI - ! - 4- ".-'A 

2.vV  1  +  qa)  jr,  -  r, ;  / 

+  £km  -  TS,  (2.4) 

where  E  v,„  and  S  are  the  kinetic  energy  and  the  entropy  per 
particle.  (  )  denotes  the  thermal  average  over  the  canonical 
ensemble,  and  r,  is  the  position  of  particle  i.  Equation  (2.4) 
includes  only  the  terms  of  the  free  energy  which  depend  on 
the  arrangement  of  particles.  These  are  the  terms  relevant  in 
determining  which  structure  (fee.  bcc,  hep.  or  liquid)  is 
thermodynarr-callv  stable. 

The  free  energy  can  be  obtained  from  Eq.  (2.4)  by  the 
use  of  a  variational  principle  based  on  the  Gibbs-Bogolyu- 
bov  inequality"  which  states  as  follows: 

F<,F0+  (U-U0)03*r,  (2.5) 

where  F0  is  the  free  energy  of  the  reference  system  and 
{V  —  {/0>0  is  the  potential  energy  difference  of  the  system  of 
interest  and  the  reference  system,  evaluated  in  the  reference 
system.  Since  F is  upper  bounded  by  F we  can  then  approxi¬ 
mate  F  to  be  the  minimum  of  F’  with  respect  to  the  appropri¬ 
ate  variables,  that  is.  F~F'(x„)  where 

—  [X)  1  =0,  (2.6) 

dx  I « -  «<, 

where  x  is  the  appropriate  variational  variable. 

We  will  use  the  Einstein  oscillators  for  the  solid  as  the 
reference  system,  and  the  Einstein  frequency  is  chosen  as  the 
variational  parameter,  while  a  hard-sphere  lluid  will  be  the 
reference  system  for  the  liquid  and  the  packing  fraction  will 
be  the  variational  parameter.  This  procedure  has  been  pre¬ 
viously  shown  to  give  very  good  resu'ts  for  polyvalent  met¬ 


als";  and.  thus  we  expect  that  it  should  work  well  in  the 
present  case. 

A.  Solid 

The  Einstein  oscillators  are  used  as  the  reference  sys¬ 
tem:  each  particle  oscillates  independently  about  a  lattice 
point  in  a  harmonic  potential  well  with  a  frequency  ai.  The 
Einstein  frequency  is  to  be  used  as  the  variational  parameter. 
In  the  actual  calculations  for  the  colloidal  systems.  fira/kB  T 
is  in  the  order  of  10—  10 — much  smaller  than  unity. 

Therefore,  in  terms  of  the  Einstein  temperature  0  =  fia>/kB, 
we  may  write 

£k,„  =;k„7\  (2.7) 

73  =  3*8r[l-ln(0/r)l,  (2.8) 

and 

| .-  *  r  ~ ' J  =/(  If,  —  r,  )  .  (2.9) 

in  which 

v-^)] 

—  eJrj^  I  —  erl^\  wq  +  j  j  J  •  (2.10) 

where  erf  is  the  error  function 

erf(x)  =  ~  |  e  dy  ,  (2.11) 

c  ir 


and  3 it’  is  the  mean  square  displacement  which  lakes  the 
following  form: 

<r  coth(t)/27'l  .... 


in  w  hich  M  is  ihe  mass  of  the  particles.  Note  that  the  ar.har- 
monic  effect  has  been  taken  into  account  in  Eq.  (2.9).  Com¬ 
bining  Eq.  (2.4)  and  Eq.  (2.9),  we  get 

y(-r— I  R  >  - £\,„  -  rs. 

2\1  -rqaJ  iiTe  4,Tf„e 

(2.13) 

where  R's  are  the  lattice  vectors.  In  the  actual  calculations, 
±-{wq  is  much  larger  than  unity  and  Eq.  (2.10) 
reduces  to 

f(r)~ew- -  (2.14) 

/- 

B.  Liquid 

For  the  reference  system,  we  use  a  fluid  of  particles  in¬ 
teracting  via  the  hard-sphere  potential 

C/(r)  =  co.  r<o,  or 

o'  (2.15) 

=  0,  r>a, 

where  <7,  the  hard-sphere  diameter,  is  not,  in  general,  equal 
to  2a.  the  diameter  of  the  actual  panicles.  With  this  choice, 
the  first  term  in  Eq.  (2.4)  can  be  obtained  analytically  w  ithin 
the  Pcrcus-Yevick  approximation,  while  the  last  term  (the 
hard-sphere  entropy)  is  available  as  an  analytic  fit  to  the 
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results  of  a  Monte  Carlo  calculation.  The  liquid  free  energy 
thus  takes  the  following  form14: 


F  = 


— [6r/3CU)] 

'o 


+  ±k  T  I  kBT^4-^ 

+  2S+  (T-r,)1 - 


(2.16) 


where  {k„T  is  the  kinetic  energy  per  particle  and  r„  is  the 
Wigner-Seitz  cell  radius  which  salsifies 


4ir  ,  _  12 
3  ^  “  N’ 


(2.17) 


7  =  (ir/6)tr(iV/fI)  is  the  hard-sphere  packing  fraction. 
/I  =  2 v,n  qr0,  and 


GU)  =J.LU)/{12t)[LU)  H-SUJe1]}, 

£U)  =  127^1  +^y.  +  (1-.  27)|. 

SU {)  =  (  1  —  T))2A.  3  +  6l)(  1  —  7), i  2 

+  187;/i  -  127(1  +  27)  ,  (2.18) 


/ 

'eMk,  ry/r 

N  ' 

s  lirfr  ) 

(2.19) 


where  e  =  natural  number.  The  packing  fraction  7  is  the  vari¬ 
ational  parameter  for  the  liquid  phase.  It  turns  out  that 
7=0.45  at  freezing,  which  is  consistent  with  Ref.  1 1  and  also 
consistent  with  other  polyvalent  metallic  systems. 12 


III.  RESULTS 

We  have  carried  out  calculations  for  the  solid  phases 
(fee  as  well  as  bcc)  and  the  liquid  phase  at  various  values  of 
the  particle  number  densities  D  —  .V  /Cl,  charges  Z.  and  the 
salt  concentrations  p  with  the  procedure  described  in  the 
previous  section.  The  temperature  T  for  all  calculations  is 
kept  fixed  at  the  room  temperature  since  most  of  the  experi¬ 
ment  were  done  at  that  temperature.  The  static  dielectric 
constant  of  water  is  taken  to  be  80.  The  phase  diagrams  are 
determined  by  comparing  the  free  energies  of  different 
phases  at  the  same  parameter  (the  stable  phase  has  the  low¬ 
est  free  energy)  and  the  phase  boundaries  are  taken  at  the 
crossover  points  of  the  free  energies  of  different  phases. 

A.  Effect  of  Z  and  p 

In  order  to  directly  compare  with  experiments,  we  first 
plot  the  results  in  the  D-p  plane  at  different  values  of  Z. 
Figure  1  shows  the  D-p  phase  diagram  of  particles  with 
Z  =  400  and  different  diameters.  One  can  see  that  the  colloi¬ 
dal  suspension  freezes  when  the  particle  number  density  is 
sufficiently  high:  The  fee  phase  is  formed  in  most  of  the  high- 
density  region,  whereas  the  bcc  phase  is  stable  only  in  a  very 
narrow  region  of  lower  densities.  The  density  range  of  the 
bcc  phase  shrinks  as  electrolytes  are  added  to  the  solution, 
and  the  bcc  phase  completely  disappears  when  the  salt  con¬ 
centration  is  greater  than  about  2.5  X  10~“  M  as  seen  in  Fig. 
1.  Beside  this,  the  addition  of  electrolytes  will  also  make  the 
crystalline  phases  become  less  favorable  and  eventually  melt 
into  liquid:  The  fee  phase  always  directly  melt?  into  liquid  as 


0  2.5  5.0  7.5X10'* 

/’salt 

FIG.  I  D-p  pha«.c  due  ram  w  here  D  is  ihe  panicle  number  census  ana 
p^,,  is  ihe  adaed  salt  concentration  in  molar  units;  Ui  lor  a  panicle  diame¬ 
ter  2u  =  0. 109  v  10  in  and  charee  Z  =  400;  <  b )  in  a  different  scale  tor 
Z  =  400 and  diameters  lu  =  0  109  Y  lO"*.  0  234 x  10  *.  and  0.400  v  •O'*’ 
m.  The  bcc-icc  phase  boundaries  are  tne  same  tor  the  three  cases  w-.ile  the 
liquid-solid  phase  boundanes  are  pushed  to  lower  densities  as  the  particle 
size  is  increased. 


the  salt  concentration  is  increased,  while  the  bcc  phase  can 
either  transform  into  fee  before  melting  (at  higher  densities ) 
or  directly  melts  into  the  liquid  phase  (at  lower  densities). 
Note  that  there  is  no  reentrant  transition  when  the  salt  con¬ 
centration  is  increased,  and  that  the  solid-liquid  phase  boun¬ 
danes  shift  to  higher  densities  w  hen  screening  is  increased  by 
the  addition  ol  electrolytes. 

In  Fig.  2  we  plot  the  D-p  phase  diagram  for  particles  of 
the  same  size  as  Fig.  1(a)  but  withasmallerchargeZ  =  200 
Note  that  the  bcc  region  is  now  absent  and  the  solid-liquid 
phase  bounJary  is  pushed  to  a  higher  density.  (Note  the 
scale  difference  in  Figs.  1  and  2. )  Other  than  that,  the  solid- 
liquid  phase  boundary  behaves  roughly  the  same  as  that  in 
Fig.  1,  i.e..  the  solid  phase  becomes  unstable  when  screening 
is  increased.  Again,  this  is  in  agreement  with  experiments. 
The  shape  of  the  solid-liquid  phase  boundary  resembles  very 
much  that  of  the  gold  colloids  in  Ref.  15.  These  results  sug- 
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FIG.  2.  D-p„h  phase  diagram  for  panicles  with  Z » 200  and 
2a  =  0  !09x  10 "‘m-  Note  that  the  bcc  phase  is  missing  when  the  particle 
charge  is  decreased.  The  definitions  of  D  and  are  the  same  as  in  Fig.  1. 


gest  that  the  formation  of  a  bcc  crystalline  phase  in  the  col¬ 
loidal  suspension  is  a  delicate  matter:  The  bcc  phase  forms 
only  when  the  electrolyte  concentration  is  low  and  the  parti¬ 
cle  charge  is  high,  which  is  in  agreement  with  experimental 
observations.*  '' To  better  illustrate  this  trend,  we  plot  in  Fig. 
3,  the  density  range  of  the  three  phases  as  a  function  ol  the 
particle  charge  Z  at  zero  salt  concentration.  The  bcc  region 
becomes  narrower  and  finally  closes  up  when  Z  is  decreased. 
Meanwhile.  Fig.  3  also  shows  that  a  large  charge  can  retain 
the  crystalline  phases  to  a  lower  density. 

Since  a  high  surface  charge  of  particles  enables  the  crys¬ 
talline  phases  to  persist  at  low  densities,  with  increasing  par¬ 
ticle  charge,  at  some  point,  the  solid  phases  may  exist  at  such 
low  densities  that  some  finite  amount  of  electrolytes  could 
provide  enough  screening  to  favor  fee  phase  at  low  densities 
and  therefore,  an  fcc-bcc-fcc  re-entrant  transition  at  some 
nonzero  salt  concentration  is  possible  as  the  particle  number 


FIG  3.  The  D-Z  phase  diagram  for  particles  with  diameier 
2a  =s  0  1 09  x  10 m  and  at  zero  sail  concentration,  bcc  phase  appears  only 
when  the  charge  Z  is  high  and  the  particle  number  density  D  is  low. 


FIG.  4  The  phase  diacram  for  panicles  with  diameter 

2u  =  0.109  V  10  '■  m  and  /  —  1000.  Note  that  the  system  starts  to  undereo 
fcc-bcc-lcc  transitions  at  fixed  nonzero  salt  concentration  wnen  the  parti¬ 
cle  number  densuy  is  increaseu. 

density  is  chanced.  Indeed,  ibis  can  happen  and  is  illustrated 
in  Fig.  4  tvhere  particles  of  0.  109  fim  diam  with  Z  =  1000 
undergo  an  fcc-bcc-fcc  transition  as  the  density  is  varied  at 
fixed  salt  concentration p  1 1.3  X  10'“  m  \  This  can  be  ex¬ 
plained  as  follows.  At  suilicicntly  low  densities,  the  screen¬ 
ing  length  does  not  vary  much  with  the  particle  number  den¬ 
sity.  (The  major  contribution  to  ihe  inverse  screening  length 
comes  from  the  added  electrolyte  concentration  rather  than 
the  counter  ions.)  Under  such  conditions,  the  fee  phase  is 
more  stable  at  low  densities  because  a  given  screening  length 
would  appear  shorter  w  hen  compared  with  Ihc  intcrpamcle 
distance  at  low  densities.  We  plot,  as  an  example,  in  Fie.  5. 
the  free  energy  difference  between  the  fee  phase  and  the  bcc 
phase  as  a  function  of  ihe  particle  number  density  for  pani¬ 
cles  of  1  pm  diam  and  Z  =  4167  w  hen  the  inverse  screening 


FIG.  5.  Free  energy  difference  between  the  fee  phase  and  the  bcc  phase  as  a 
function  of  the  particle  number  density  D 
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length  is  fixed  at  q  =  1  x  106  m~'.  As  the  panicle  number 
density  increases,  the  contribution  of  the  counter  ions  to  the 
screening  becomes  important  again.  We  then  recover  the  sit¬ 
uation  where  the  fee  dominates  at  high  densities.  So  far,  we 
did  not  include  the  screening  by  the  electrolytes  from  the 
water  itself.  This  is  perfectly  all  right  when  the  particle  num¬ 
ber  density  is  not  too  low.  However,  when  the  particle  den¬ 
sity  is  low,  the  electrolytes  of  pure  water  can  contribute  sub¬ 
stantially  to  the  screening.  Thus,  the  reentrant  transition 
discussed  above  may  be  washed  out  by  the  intrinsic  electro¬ 
lytes  of  pure  water  and  it  is  very  likely  that  we  may  not  be 
able  to  see  it  experimentally. 

B.  f-qa,  phase  diagrams 

If  we  define  an  effective  temperature  T  =  kBT /(Z  2e2/ 
4jre0ea, )  and  measure  the  screening  strength  in  terms  of  the 
dimensionless  parameter  qa,  where  a ,  =  (fi/jV) 1,3  is  the 
average  nearest  neighbor  distance,  the  phase  boundaries  in 
Figs.  1-5  should  then  be  all  mapped  onto  the  same  curves  on 
the  T  —  qa,  plane.  The  phase  boundaries  in  the  T-qa_,  plane 
are  shown  in  Fig.  6.  The  liquid  phase  is  stable  at  high  T and  at 
large  qa,  (i.e.,  small  Zand  high  salt  concentration).  The  bcc 
phase  is  preferred  at  small  qa,  and  fee  at  large  qa, .  There  is 
no  reentrant  transition  in  either  the  T  or  the  qa,  direction. 
The  T-independem  bcc-fcc  phase  boundary  is  a  result  of  the 
Debye-Hiiekel  screened  interparticle  potential  and  can  be 
explained  as  follows.  First,  within  the  physical  range  of  T, 
the  internal  energy  difference  between  two  crystalline  phases 
will  change  sign  at  the  same  qa,  as  it  does  at  T  =  0.  This  can 
be  seen  from  Eq.  (2.14).  The  thermal  vibration  of  the  parti¬ 
cles  only  magnifies  the  interparticle  potential  by  a  factor  f“v‘ 
for  all  pairs  and  does  not  change  the  sign  of  the  difference  of 
the  lattice  sums  of  two  crystalline  phases  which  is  the  conse¬ 
quence  of  the  Debve-Hiickel  screened  potential.  (The  kinet¬ 


qa. 


FIG.  6  The  T-qa,  phase  diagram  for  panicles  wiih  diameter 
la  =  0  109  x  10'*  m.  Where  T.  q.  and  a ,  are  as  defined  in  the  text. 


ic  energy  which  is  ikB  T  for  all  phases  is  unimportant  here. ) 
For  the  entropy  part,  the  Einstein  frequency  a>  can  be 
thought  of  as  the  average  vibrational  frequency  of  all  modes 
and  a>:  is  proportional  to  the  average  of  the  second  deriva¬ 
tives  of  the  interparticle  potential  at  all  particle  sites  which  is 
q~E„  within  the  Debye-Hiickel  approximation  where  £„  is 
the  T  =  0  internal  energy  and  q  is  the  same  for  both  phases  at 
the  same  density.  With  the  expression  of  TS  in  Eq.  ( 2.8 ) ,  one 
can  readily  see  that  the  difference  in  —  TS  between  two  crys¬ 
talline  phases  has  the  same  sign  as  that  of  ihe  T  =  0  internal 
energies  and  both  change  sign  at  the  same  qa, .  Theref  ore,  the 
free  energy  difference  between  two  crystalline  phases  always 
changes  sign  at  the  same  qa,  as  the  T  =  0  internal  energy 
difference.  The  bcc-fcc  phase  boundary  is  thus  independent 
of  T. 

C.  Effect  of  particle  size 

We  also  plot  phase  boundaries  of  particles  wth  Z  =  400 
but  of  different  diameters  in  Fig.  1(b).  First,  one  can  see  that 
a  larger  panicle  size  moves  the  solid-liquid  phase  boundary 
to  a  lower  density.  The  discrimination  of  t  he  liquid  phase  nv 
the  size  correction  factor  is  precisely  what  prevents  reen¬ 
trant  melting  at  high  densities.  The  bcc-fcc  boundary  is  un¬ 
affected  by  the  particle  size.  This  size-independenl  bcc-fcc 
boundary  is  again  the  consequence  of  the  Debye-Huckcl 
screened  potential.  The  size  correction  (e"Vl  —  qar  is  only 
a  multiplying  factor  of  the  lattice  sum.  which  does  not 
change  the  sign  of  the  internal  energy  difference  of  Ihe  bcc 
and  fee  structures  and  hence  does  not  change  the  sign  oi  the 
free  energy  difference  is  argued  above. 

D.  Is  hep  structure  possible? 

Finally,  we  check  the  possibility  of  the  hep  structure  at 
high  densities  since  the  hep  phase  has  the  same  packing  frac- 


qa. 


FIG.  7  The  F=  0  energy  difference  &E/E^,  vs  qa,.  where 
4Fh.pii«i  =  £<*,., kcl  —  £•«  ■ 
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tion  as  the  fee  phase  at  close  packing.  It  turns  out  that  the 
hep  phase  is  not  favored  throughout  the  entire  qa,  range. 
Since  the  free  energy  difference  changes  sign  at  the  same  qa , 
as  the  internal  energy  difference  at  T  =  0,  we  will  show  only 
the  r=  0  energy  differences.  In  Fig.  7  we  plot  the  T=  0 
internal  energy  difference  of  the  hep  and  bcc  phases  as  well 
as  of  the  fee  and  bcc  phases  where  A£hc(1,r<xl  = 

—  £*«.  One  can  see  that  at  small  qa, ,  the  bcc  phase  is  the 
stable  state.  At  large  qa,,  the  internal  energy  of  the  hep  is 
lower  than  that  of  the  bcc  but  is  still  higher  than  that  of  fee. 
Although,  the  overall  packing  fraction  is  the  same  for  both 
the  fee  and  hep,  the  difference  in  the  arrangement  of  far 
neighbors  results  in  the  difference  in  energy.  So  far,  experi¬ 
mentally,  hep  structures  have  only  been  observed  when  the 
system  is  under  a  shear  stress,5  which  is  obviously  not  an 
equilibrium  state,  in  agreement  with  our  results. 

IV.  CONCLUSIONS 

•  We  have  determined  the  phase  diagrams  in  the  param¬ 
eter  space  by  directly  comparing  the  Helmholtz  free  energies 
of  different  phases  at  the  same  parameters.  The  calculation 
of  the  free  energies  involves  the  use  of  a  variational  principle 
based  on  the  Gibbs-Bogolyubov  inequality  and  a  Debye- 
Hiickel-screened  interparticle  potential  with  size  correction. 
We  have  shown  that  the  colloidal  suspensions  can  freeze  into 
crystalline  phases  at  higher  densities.  The  fee  and  bcc  phases 
are  the  thermodynamically  stable  structures.  The  I'cc  phase 
is  the  dominant  phase  at  higher  densities  while  the  bcc  phase 
can  exist  at  lower  densities  only  when  the  particle  charge  is 
high  and  the  salt  concentration  is  low.  Both  crystalline 
phases  will  melt  into  liquid  upon  the  addition  of  salt:  fee 
always  melts  into  liquid  directly,  whereas  bcc  may  transform 
into  fee  before  melting  depending  upon  the  particle  number 
densities.  No  reentrant  transition  is  found  upon  the  addition 
of  salt.  However,  highly  charged  particles  can  undergo  an 
fcc-bcc-fcc  reentrant  transition  at  fixed  nonzero  salt  con¬ 


centrations  when  the  particle  number  density  is  varied. 

Our  calculations  have  completely  neglected  the  van  der 
Waals  attractions.  This  negligence  is  justified  in  the  present 
case  where  the  charges  of  the  particles  are  in  the  order  of  10' 
electronic  charges  and  the  densities  are  intermediate  so  that 
solid-liquid  and  bcc-fcc  transitions  can  take  place.  Under 
such  conditions,  the  interparticle  interaction  is  dominated 
by  the  electrostatic  potential.  If  the  van  der  Waals  attraction 
is  taken  into  account,  the  phase  boundaries  should  move  to 
higher  densities.  Other  than  that,  the  phase  diagram  should 
remain  qualitatively  the  same. 
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Abstract 


A  reversible  growth  model  is  built  by  modifying  the  cluster-cluster  aggregation  model  with 
a  finite  intcrparticlc  attraction  energy  —  H.  When  P  is  oo,  the  aggregation  is  described  by  the 
ordinary  cluster-cluster  aggregation  model.  Within  our  model,  particles  as  well  as  clusters  arc 
performing  Brownian  motion  according  to  the  rate  I  and  the  unbinding  takes  place  accord¬ 
ing  to  e  ~  A^/7,  where  AH  is  the  energy  chance  due  to  the  unbinding,  T  is  the  room  temper¬ 
ature,  and  tr  is  the  time  constant  associated  with  the  unbinding.  By  changing  (:.  and  ir;sd. 
we  arc  able  to  change  the  aggregation  behavior  over  a  wide  range  from  ramified  clusters  to 
compact  ones.  Moreover,  due  to  a  finite  P,  ramified  aggregates  may  become  compact  at  a 
later  time.  We  show  that  the  initially  fractal  aggregates  can  remain  fractal  objects  during 
restructuring  while  the  fractal  dimension  I)  increases  with  time.  At  large  F,  l)  can  stay  at 
some  value  that  is  larger  than  the  value  of  the  cluster-cluster  aggregation  model  and  can  remain 
unchanged  for  a  long  time.  At  a  given  time,  I)  increases  drastically  with  decreasing  li  from 
the  value  of  the  cluster-cluster  aggregation  model  when  F.  £  .1  T.  flic  curve  of  the  estimated 
sedimentation  density  vs.  F.  resembles  that  of  I)  vs.  P  and  agrees  with  the  experiments. 


I 


1  Introduction 


Under  suitable  condi'ions,  fine  colloidal  particles  (~  50  A  —  ~  I  pm  in  diameter)  can 
form  aggregates  of  a  fairly  large  size  (up  to  several  thousand  particles).  Extensive  light.  X-ray, 
and  neutron  scattering  experiments1  showed  that  these  aggregates  arc  fractal  objects  and  that 
the  fractal  dimension  I)  varies  with  the  experimental  condition:  D  =  1.75  ( Refs.  2, 4,6]  when 
the  clusters  grow  rapidly  and  I)  =  2.02-2.1 2  |/?e/x.  1. 3,  5|  when  the  growth  is  slow.  Furthermore, 
when  light  scattering  measurements  were  taken  repeatedly  in  a  temporal  sequence,  it  was  found 
that  aggregates  with  an  initially  lower  I)  (1.75)  can  restructure  to  a  higher  D  (2. OS-2. 1 
( Ref  4|.  2.4| Ref  6|)  at  a  later  time.  This  signifies  that  the  growth  processes  involve  some 
reversibility.  Some  critical  questions  then  arise:  I  low  do  the  structures  of  these  aggregates 
change  with  time?  Do  these  aggregates  remain  fractal  objects  during  restructuring?  If  so,  how 
docs  the  fractal  dimension  D  change  with  time? 

The  cluster-cluster  aggregation  (CCA)  model7,8  which  yields  D  =  1.78(1.4)  in  3(2)d,  where 
d  is  the  Euclidean  dimension,  seems  to  agree  with  the  colloidal  aggregates  of  rapid  growth. 
When  the  CCA  model  is  modified  with  a  sticking  probability  p  and  when  p  is  approaching 
zero,9  it  produces  clusters  of  D  =  2.0(1.55)  in  3(2)d  and  is  often  compared  with  the  aggregates 
from  slow  processes.  Although  Ref.  9  gives  a  fractal  dimension  close  to  that  of  the  colloidal 
aggregates  by  slow  growth,  it  cannot  account  for  the  restructuring  observed  in  the  experiments 
because  of  its  irreversible  nature.  Kolb  ct  al.,n  have  considered  a  reversible  growth  model  by 
modifying  the  CCA  model  with  random  bond  breaking  which  yielded  D  =  2.03(1.57)  in  3(2)d 
at  dynamic  equilibrium:  however,  they  did  not  observe  the  change  of  I)  with  time. 


The  purpose  of  this  study  is  (1)  to  construct  a  more  realistic  reversible  growth  model  which 
involves  the  rearrangement  of  particles  from  energetic  consideration  rather  than  random  bond 
breaking  and  (2)  to  investigate  the  restructuring  of  aggregates  with  computer  simulations.  The 
direct  observations  of  the  colloidal  clustering  under  an  optical  microscope'1  showed  that  under 
weakly  attractive  conditions,  a  particle  can  join  and  leave  a  cluster  repeatedly  and  that  a 
particle  with  fewer  bonds  is  more  active  than  one  with  more  bonds,  furthermore,  the  com¬ 
paction  of  a  colloidal  sediment  can  occur  upon  the  decrease  of  the  intcrparticlc  attracton.1' 
These  observations  plus  other  flocculation  studies13  suggest  that  the  intcrparticlc  attractions 
play  an  important  role  in  aggregation. 


II  Model 


Since  the  CCA  model  seems  able  to  describe  the  colloidal  clusters  grown  from  the  rapid 
processes,  we  build  ovir  model  by  combining  the  ('('A  model  with  a  finite  nearest-neighbor 
attraction  energy  -  H.  The  unbinding  process  is  simulated  with  the  Monte  Carlo  method.  Tor 
convenience,  the  calculations  are  performed  in  2d.  The  procedure  is  as  follows.  Initially  N’ 
particles  are  placed  randomly  in  an  M  *  M  square  lattice  with  pcriooic  boundary  conditions. 
The  particles  and  the  clusters  arc  performing  Brownian  motion  (random  walk).  After  each  time 
interval  t|),  all  particles  and  clusters  move  one  lattice  constant.  Tor  simplicity,  we  assume  all 
clusters  to  have  the  same  mobility  since  this  docs  not  change  the  scaling  properties.7,14  When 
two  clusters  collide,  they  stick  together  forming  a  larger  cluster  and  then  move  on  as  a  whole. 


Moreover,  because  of  to  its  thermal  motion  a  particle  can  unbind  from  its  neighbors  according 
to  the  rate  ^  e~*FIT,  where  tr  is  the  time  constant  associated  with  the  unbinding  process, 
T  is  the  room  temperature,  and  All  is  the  energy  change  due  to  the  unbinding.  We  assume  All 
=  nE  where  n  is  the  number  of  neighbors  of  that  particle.  1  to  3  in  the  ease  of  a  square  lattice. 
Particles  with  four  neighbors  arc  not  allowed  to  unbind  in  this  ease.  In  practice,  the  unbinding 
transition  of  every  particle  is  examined  after  each  time  interval  tr  with  a  probability  e~nFlT. 
If  e~nF'T  is  larger  than  a  random  number,  the  transition  is  accepted  or  otherwise  rejected. 
When  the  unbinding  is  accepted,  the  particle  moves  one  lattice  constant  in  one  of  the  rest  ol 
the  4-n  directions  at  random  and  the  duster  is  divided  into  segments.  The  resulting  number 
of  segments  ranges  from  two  to  four  depending  on  the  number  of  neighbors  bonded  to  that 
particle  and  on  the  configuration  of  the  cluster  before  the  break-up.  Tor  example,  the  break-off 
of  a  double-bonded  particle  iti  the  neck  portion  of  the  cluster  can  result  in  as  many  as  3 
segments,  namely,  one  particle  and  two  other  parts.  Tach  segment  will  then  diffuse  as  an 
independent  cluster  and  will  stick  to  whatever  it  collides  into  later  on.  In  our  calculations,  we 
do  not  allow  particles  or  clusters  to  rotate.  However,  we  do  not  expect  the  rotations  to  affect 
the  scaling  properties.1 5 

By  varying  E  and  tr/to,  we  arc  able  to  change  the  growth  behavior  over  a  wide  range. 
The  CCA  model  corresponds  to  a  special  ease  when  E  =  °o.  The  parameter  tr  is  the  inverse 
of  the  unbinding  attempt  frequency  while  to  is  related  to  the  diffusivity  of  the  particles  in  the 
solution  and  is  used  in  normalizing  the  time  scale.  A  large  tr/to  may  be  interpreted  ns  a 
higher  particle  mobility  relative  to  relaxation  and  is  analogous  to  the  quenching  rate  in  the 
glass  transition. 


4 


Ill  Results 


We  show  as  examples  in  figure  1  three  different  aggregation  conditions  initialed  with  the 
same  number  densities  but  with  different  values  of!:  and  m/tp.  figure  1(a)  is  the  case  when 
H  =  1.5  T  and  tr/tp  =  0.2  in  which  large  aggregates  can  hardly  be  formed,  figure  1(b) 
shows  the  ease  when  1:  =  1.5  T  and  tr/tp  2  where  aggregates  arc  formed  but  there  arc 
still  quite  a  number  of  particles  left  in  the  fluid  phase  throughout  the  simulation.  In  fig.  1(c), 
we  show  the  ease  when  1:  =  3.5  T  and  tr.tp  =  2  in  which  almost  no  free  particles  arc  left 
in  the  solution  and  the  cluster  looks  more  ramified,  figures  1(a),  (b),  and  (c)  together  show 
the  general  trend  that  cluster  size  increases  with  increasing  I:  and  tr  tp. 

At  a  given  number  density,  as  f  decreases,  the  cluster  si/c  decreases  and  the  fluid  phase 
becomes  more  favored  due  to  more  efficient  relaxation.  In  fig.  2,  we  show  the  saturated  cluster 
size  as  a  function  off:  for  three  different  eases.  The  fact  that  the  logarithm  of  the  cluster  si/c 
is  linear  with  I:  for  all  eases  indicates  that  the  cluster  si/c  decreases  exponentially  with  (!.  This 
means  that  the  actual  aggregates  cannot  grow  to  an  infinite  si/c  because  of  the  finite  coupling 
energy.  Meanwhile,  it  is  worth  noting  that  the  cluster  si/c  also  increases  with  increasing  tR/rp 
or  particle  concentration,  both  of  which  are  similar  to  increasing  quenching  rate.  However, 
we  will  show  later  that  only  C  affects  the  restructuring  behavior  of  clusters  with  respect  to  time. 

To  investigate  the  effect  of  restructuring  we  use  two  different  procedures:  (1)  We  start 
with  clusters  of  various  sizes  N  grown  Iron)  the  CCA  model  at  the  same  number  density  and 
turn  on  the  relaxation.  To  show  the  restructuring  effect  this  way  is  mainly  for  the  case  of 


comparison,  although  it  may  appear  unnatural  at  the  first  sight  (there  seems  to  he  a  sudden 
change  in  F.  from  -oo  to  some  finite  value  at  t  =  0).  What  this  procedure  really  represents  arc 
the  eases  where  tr/td  is  large  enough,  i.c.,  the  aggregation  is  much  faster  than  the  relaxation 
so  that  initially  the  aggregates  arc  not  very  different  from  those  of  the  (X.'A  model.  (2)  We 
have  also  studied  the  structural  evolution  of  aggregates  during  growth.  This  can  he  achieved 
hv  choosing  smaller  values  of  tr/to  so  that  sullicicnt  unbinding  is  taking  place  along  with 
cluster  growth.  We  will  show  later  that  the  results  of  the  two  procedures  arc  i|tntc  similar. 

For  each  set  of  F  and  tR/rp,  log  N  is  plotted  against  log  Rm  in  every  100  td  where  R,n 
is  the  maximum  radius  of  a  cluster  and  is  defined  as 

Rm  -  j  ™axl  C  ~  j i-  (O 

In  each  N  vs.  Rm  plot,  we  include  11-14  data  points  in  the  range  .10  4  N  £  200-100;  each 
point  is  the  result  of  averaging  over  ten  samples.  It  turns  out  that  the  curves  arc  linear 
throughout  the  simulation  and  the  slope  of  the  lines  increases  with  time.  An  example  done 
with  procedure  (I)  is  given  in  Fig.  3.  Note  that  for  a  given  N,  the  corresponding  Rln  is 
decreasing  with  time,  indicating  that  the  clusters  arc  getting  denser  and  denser.  The  t  =  500 
Tf)  and  the  t  =  10000  tp  plots  remain  linear  while  the  slope  is  increasing  with  time:  1.35  at 
t  =  0,  1.46  at  t  =  500  to,  and  1.63  at  t  =  10000  tq.  This  suggests  that  the  clusters  remain 
fractal  during  restructuring  but  that  the  fractal  dimension  is  increasing  with  time. 

We  then  take  as  the  fractal  dimension  the  slope  of  the  log  N  vs.  log  Rm  lines  by  least 
square  fit.  flic  t  =  0  plot  which  represents  clusters  grown  from  the  CCA  model  thus  has  a 
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fractal  dimension  D  =  1.35  ±  0.05.  in  agreement  with  the  values  obtained  in  Ref's.  7  and  8 
within  numerical  errors.  We  have  also  plotted  log  N  vs.  log  Rg  (not  shown)  where  Rg  is  the 
radius  of  gyration  and  is  defined  as 


R 

(>•/) 

Generally,  the  fractal  dimension  0  obtained  from  the  log  N  vs.  log  R„  plots  are  somewhat 
larger  (by  about  0.05  on  the  average)  than  that  of  the  log  N  vs.  log  Rm  plots;  however,  the 
difference  is  comparable  with  the  numerical  error  bars.  The  values  of  0  reported  in  this  paper 
arc  all  based  on  the  N  vs.  Rm  plots. 

In  Figure  4,  we  plot  D  vs.  t  for  various  values  of  F  and  rg  to.  In  Fig.  4(a),  we  have 
chosen  a  small  value  of  rg,  =  0.5  and  used  procedure  (2).  Because  of  the  small  values  of 
t|<  t|>  and  F.  the  unbinding  is  taking  place  sufficiently  along  with  cluster  growth.  In  fact, 
when  we  stopped  monitoring,  i.c.,  at  t  =  1000  ro,  the  clusters  were  still  growing.  Thus,  Fig. 
4(a)  can  be  regarded  as  the  structural  evolution  of  aggregates  during  growth  and  will  be 
compared  with  Fig.  4(b)  which  is  obtained  by  using  the  same  value  of  V.  but  a  different  value 
of  tr/td  and  procedure  (I).  In  spite  of  different  procedures  used,  the  two  curves  look  similar 
and  the  only  difference  is  in  the  time  units.  Thus,  varying  tr/tr  only  changes  the  time  scale 
but  not  the  behavior  of  0  vs.  t.  When  F  is  increased,  the  change  of  0  becomes  slower,  as  is 
shown  in  Figs.  4(c)-(c),  which  arc  obtained  by  procedure  (I).  Note  that  Figs.  4(d)  and  (c)  both 
have  the  same  value  of0  which  is  1.35  at  t  =  0  because  we  start  with  the  same  initial  clusters 
for  the  purpose  of  comparison.  In  Figs.  4(d)  and  (c),  I)  ijuickly  increases  from  the  CCA  value 
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and  then  saturates  at  some  value  O'  white  O'  decreases  with  increasing  IV.  O'  =  1.5  for  I:  = 
2.5  T,  O'  =  1.42  for  R  =  3  T.  This  indicates  that  under  suitable  conditions  aggregates  can 
have  a  fractal  dimension  D  that  is  substantially  larger  than  the  CCA  value  and  O  remains 
unchanged  over  a  long  period  of  time,  which  has  been  observed  experimentally.4 

We  plot  in  Fig.  5.  O  vs.  F,  for  tr/tr  =  5  at  t  =  5000  tr  and  at  t  =  10000  rp  to  show 
the  different  restructuring  rates  at  different  IV  It  is  clearly  shown  that  the  change  of  O  with 
time  is  accelerated  when  F  is  decreased  from  3  T.  Also  note  that  for  a  given  t.  O  remains 
close  to  the  CCA  value  at  large  F  but  drastically  increases  from  that  at  around  II  ^3  IV  If 
we  take  13  as  a  rough  measurement  of  the  densities  of  the  agglomerated  solids,  we  would  expect 
a  similarly  drastic  change  in  the  density  when  the  interaction  energy  is  varied.  Indeed,  this  has 
been  observed  in  flocculated  colloids.12  We  show  the  relation  between  the  /eta  potential  of 
the  particles  and  the  sedimentation  density  in  Fig.  6  which  is  taken  from  Ref.  12.  In  a  charged 
colloidal  system,  the  intcrparticlc  interaction  is  the  sum  of  (I)  the  screened  Coulomb  repulsion 
and  (2)  the  van  tier  Waals  attraction.  The  screened  Coulomb  repulsion  can  be  varied  over  a 
wide  range  by  adjusting  the  pH,  the  salt  concentration,  and  so  on.  while  van  dcr  Waals 
attraction  remains  more  or  less  unchanged.  Thus,  under  certain  pi  I  and  salt  concentrations, 
when  the  screened  Coulomb  repulsion  is  sufficiently  reduced,  a  net  intcrparticle  attractive 
potential  well  can  develop.  The  data  points  in  Fig.  6  were  taken  under  such  conditions.  The 
magnitude  of  the  square  of  the  7.cta  potential  C2  can  serve  as  a  Tough  measure  of  the  screen 
Coulomb  repulsion  at  a  Fixed  salt  concentration:  The  higher  the  value  oft2,  the  stronger  the 
Coulomb  repulsion.  Therefore,  in  Tig.  (>.  a  smaller  value  ofij2  represents  a  deeper  attraction 
well.  It  is  shown  that  at  small  values  of V,  (larger  net  attractions)  the  sedimentation  density 
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is  very  low  and  that  the  sedimentation  density  increases  at  larger  values  of  ^  (smaller  net 
attractions).  Note  that  the  sedimentation  density  does  not  change  much  until  the  zeta  potential 
reaches  some  critical  value  Ccr  around  which  the  sedimentation  density  increases  by  many  folds. 

In  order  to  estimate  the  sedimentation  density  from  our  calculations,  we  assume  the 
sediments  to  be  composed  of  blobs  of  some  175  particles  and  the  sedimentation  densitv  is 
approximated  to  be  l7.5/(nRm2)  where  R,n  is  taken  from  the  calculations  at  IOOOO  t|>.  This  is 
not  unreasonable  since  the  aggregates  start  to  settle  to  the  bottom  when  thev  reach  a  certain 
size.  The  results  arc  plotted  in  Fig.  7.  One  can  sec  that  the  estimation  closclv  resembles  the 
experimental  curve  in  Fig.  6. 


IV  Summary 

To  summarize,  we  have  built  a  reversible  growth  model  in  which  nearest  neighbors  have 
a  finite  attraction  energy  -  II  so  that  the  rearrangement  of  particles  is  possible.  I)v  varying 
It,  tr/ to,  and  the  particle  concentration,  we  arc  able  to  change  the  aggregation  condition  over 
a  wide  variety.  The  restructuring  behavior  is  mainly  affected  by  E.  We  show  that  the  aggregates 
can  remain  fractal  during  restructuring  while  the  fractal  dimension  D  is  increasing  with  time. 
When  E  is  large,  the  change  of  D  becomes  so  slow  that  I)  stays  at  some  intermediate  value 
D'  and  remains  unchanged  for  a  long  time  while  I)'  decreases  with  E.  In  the  1)  vs.  E  plot  we 
show  that  D  increases  drast:  . lly  from  the  CCA  value  at  around  F  T  and  is  getting  closer 
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to  d  as  R  is  decreased.  We  have  also  estimated  the  sedimentation  densities  from  our  calculations. 


The  estimated  sedimentation  density  vs.  K  closely  resembles  the  experimental  curve. 

In  principle,  the  results  we  have  just  shown  should  readily  apply  to  a  variety  of  systems, 
since  our  model  is  quite  general.  However,  the  colloids  seem  to  be  ideal  to  test  our  results. 
The  reasons  are  the  following:  first,  the  interaction  between  the  colloidal  particles  can  be 
varied  easily  over  a  wide  range  by  changing  the  particle  surface  potential  (zeta  potential),  the 
salt  concentration  in  the  solvent,  or  the  extent  of  stcric  interaction  when  they  arc  coated  with 
polymeric  units.  Secondly,  the  size  of  the  colloidal  paticlcs  can  also  be  varied  in  a  wide  ranee, 
which  is  equivalent  to  changing  the  particle  mobility  and  is  somewhat  related  to  the  change 
of  the  parameter  of  xtt/tn  in  our  model. 
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Figure  Captions 


Fig.  1.  Temporal  evolution  of  various  aggregation  conditions  with  212  particles  in  a  SO  * 
50  square  lattice  (a)  F.  =  1.5  T  and  tr/'tr  =  0.2,  (b)  F  =  1.5  T  and  tr/tr  =  2.  (c)  F,  = 
3.5  T  and  tr/tr  =  2. 

Fig.  2.  Nin  vs.  H/T,  where  N,n  denotes  the  largest  cluster,  (o)  at  p  =  0.051.  tr  tr  =  5.  (A) 
at  p  =  0.125,  tr/tr  =  2  and  (  )  at  i>  =  O  il,  tr/tr  =  2  where  p  denotes  the  density. 

F'ig.  3.  N  vs.  Rm  where  N  is  the  cluster  si/c  and  Rm  is  the  maximum  radius  in  units  of  the 

lattice  constant  as  defined  in  the  tc  vt. 

Fig.  4.  I)  vs.  t  for  various  cases  where  1)  is  the  fractal  dimension  and  t  is  the  time. 

Fig.  5.  D  vs.  F.  for  tr/tr  =  5,  (o)  at  l  =  10000  tr  and  (A)  at  t  =  5000  tr. 

Fig.  6.  The  variation  in  the  sedimentation  density  (relative  to  the  total  volume)  of  the 
colloidal  solids  as  a  function  of  (?/? cr)2  where  is  the  zeta  potential  at  the  critical  point.12 
The  insert  is  the  scanning  electron  micrograph  of  particle  clusters  formed  at  low  Q  values. 
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INTRODUCTION 

Recent  advances  in  the  development  of  ceramic  matrix  comDosites  have 
illustrated  the  importance  of  microdesignir.g  increasingly  complex  systems 
for  structural,  electronic,  magnetic,  and  optical  applications.  The  trend 
is  in  the  direction  of  tailoring  composites  that  display  spatial  resolution 
in  the  submicrometer  range.1  In  accordance  with  this  trend,  the  work  that 
we  reported  in  the  first  two  proceedings  of  this  conference  series  on 
Ultrastructure  Processing  emphasised  the  role  of  colloidal  dispersion  and 
consolidation  techniques  in  tailoring  microstructural  features  of  ceramic 
systems  in  the  10-Zt  to  10-7  m  range. In  these  studies,  we  examined  the 
process  of  colloidal  consolidation  from  a  fundamental  point  of  view  and 

introduced  an  equilibrium  phase  diagram  that  provided  an  all  inclusive 

3 

treatment  of  phase  stability  in  colloidal  systems.  Further,  we  presented 
our  experimental  observations  on  the  metastable  hierarchical  features  of 
the  colloidally  consolidated  systems  which  played  a  key  role  in  our 
generalized  treatment  of  the  colloidal  phase  transitions. 

In  this  chapter,  we  expand  the  scale  of  our  interest  to  the  nanometer 
(<  10“^  m)  range  to  illustrate  the  unifying  features  of' colloidal  proces¬ 
sing  in  the  micrometer  vs.  nanometer  range.  Since  the  formation  of 
hierarchically  clustered  structures  in  colloidally  consolidated  systems 
appears  to  be  a  rule  rather  than  an  exception,  we  now  more  critically 
examine  (i)  the  conditions  that  result  in  the  formation  of  particle  clus¬ 
ters  and  their  networks,  and  (ii)  the  role  that  Hierarchical ly  clustered 
structures  play  in  the  processing  of  ceramic  systems.  First,  we  briefly 
summarize  the  implications  of  the  equilibrium  phase  dijgram.  Next,  we 
summarize  the  predictions  of  a  reversible  cluster  growth  model  which  accu- 
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rately  accounts  for  the  energetic  and  entropic  effects  leading  to  the 
formation  of  low  density  clusters  and  their  restructuring.  Last,  we  empha¬ 
size  the  practical  aspects  of  ceramics  processing  by  illustrating  the  role 
that  hierarchical  clustering  plays  in  the  evolution  of  nanostructural 
features.  The  SiO^-A^Oj  system  is  used  to  illustrate  the  concepts. 

PHASE  STABILITY  IN  COLLOIDAL  SYSTEMS 

Our  prior  work  illustrated  that  in  colloidal  systems  of  only  one  type 
of  particles,  one  component  equilibrium  phase  diagrams  familiar  to  us  in 
the  atomic  systems  can  be  used  to  outline  the  onset  of  transitions  from  a 
stable  suspension  (colloidal  fluid)  to  consolidated  (colloidal  solid)  state 
in  a  generalized- form  as  a  function  of  two  intrinsic  variables:  (i)  the 
reduced  temperature,  kT/E,  where  k  is  the  3oltzaann  constant,  T  is  the 
thermodynamic  temperature,  and  E  is  the  interaction  potential  between 
particles:  and  (ii)  the  particle  number  density,  i.e.,  solids  content,  of 
the  suspension  (Fig.  1).^  Here,  the  colloidal  fluid  refers  to  the  state 
of  a  dispersed  suspension  or  "slip"  that  generally  diplavs  a  low  viscosity. 
The  colloidal  solid  refers  to  the  consolidated  or  "cast"  state  or  a  signi¬ 
ficantly  higher  viscosity  that  is  subsequently  transrorr.ed  into  a  denser 
component  through  sintering. 

Two  aspects  of  this  phase  diagram  are  of  practical  importance  in 
colloidal  processing.  The  first  one  relates  to  the  preparation  of  low 
viscosity  suspensions,  i.e.,  "slips";  and,  the  second  one  relates  to  the 
packing  density  of  the  consolidated  structures,  i.e.,  "casts".  Both  of 
these  issues  are  of  prime  importance  since  in  many  processing  applications 
it  is  advantageous  (i)  to  work  with  suspensions  that  contain  high  solids 
contents  (>  60  vol.  Z)  but  low  viscosities  (<  1  Pa-s),  and  (ii)  to  consoli¬ 
date  these  suspensions  into  densely  packed  states.  On  the  first  issue,  the 
model^  used  in  the  calculation  of  the  phase  diagram  in  Fig.  1(a)  predicts 
(and  it  is  experimentally  conf irraed1^)  that  dispersed  suspensions  of  high 
solids  loadings  (>  50  v/o)  can  only  exist  above  a  critical  interaction 
potential.  Typically,  these  dispersed  suspensions  display  low  viscosities; 
thus,  the  supercritical  range  is  highly  preferred  in  the  preparation  of  low 
viscosity  and  highly  concentrated  slips. ^  In  contrast,  below  the  critical 
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point,  particles  readily  cluster  at  significantly  lower  solids  loadings 
(<  10  v/o),  and  these  low  density  clustered  (i.e.,  flocculated)  networks 
generally  display  significantly  higher  viscosities  than  the  dispersed 
suspensions.  Therefore,  the  supercritical  range  is  preferred  for  foraing 
processes  where  the  use  of  low  viscosity  suspensions  with  high  solids 
loadings  is  required,  and  the  subcritical  range  is  avoided. 

On  the  second  issue,  it  is  predicted  that  regardless  of  the  interac¬ 
tion  potential  the  formation  of  high  packing  density  casts  (Fig.  1(a))  is 
expected  if  a  colloidal  system  can  attain  its  equilibrium  (i.e.,  the  lowest 
free  energy)  state.  However,  these  equilibrium  packing  densities  are  never 
attained  experimentally  (Fig.  1(b)).3,8  This  discrepancy  is  due  to  the 
formation  of  metastable  hierarchically  clustered  particle  compacts  during 
the  transition  from  the  dispersed  to  consolidated  state.3,3  Consequently, 
in  such  hierarchically  clustered  structures,  the  classification  of  the  void 
space  follows  a  similar  trend  as  first,  second,  third,  and  higher  genera¬ 
tion  voids.  In  the  supercritical  range,  the  hierarchy  is  generally 
observed  only  to  the  second  generation,  and,  typically,  average  packing 
densities  of  -0.64  are  obtained  with  nonosize  particles  (Fig.  1(b)).  In 
the  subcritical  range,  however,  the  existence  of  third  and  higher  genera¬ 
tion  voids  results  in  significantly  lower  packing  densities  than  those 
predicted  by  the  equilibrium  phase  diagram  of  Fig.  1(a).  These  second  and 
higher  order  voids  become  responsible  for  the  higher  sintering  temperatures 

and  shrinkages  than  are  intrinsically  possible  if  dense  packing  could  be 
9—1 1 

achieved. 

Once  again,  in  forming  processes  where  high  density  packing  and  thus 
low  temperature  sintering  is  required,  it  becomes  undesirable  to  work  in 
the  subcritical  range,  and  this  provides  another  justification  for  avoiding 
flocculated  systems.  Although  flocculated  systems  have  been  avoided  in  the 
past,  in  the  following  sections  we  will  show  that  it  is  difficult  to 
totally  avoid  the  subcritical  range,  especially  in  the  nanometer  range.  In 
such  cases,  a  solution  must  be  found  to  the  high  viscosity  and  low  packing 
density  problems  discussed  above. 
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DENSIFICATION  OF  FRACTAL  CLUSTERS  AND  NETWORKS 


The  formation  of  low  density  networks  in  the  subcritical  range  has 
been  the  subject  of  numerous  studies.1^  In  particular,  the  cost  recent 
studies  on  the  kinetics  of  particle  clustering  in  colloidal  systems  have 
emphasized  the  fractal  aspects  of  multiple  clusters  formed  either  by  rapid 
or  slow  growth  processes.1"1  Experiments  showed  that  when  the  clusters  grew 
rapidly  the  density  is  low  with  a  fractal  dimension  D  =  1.75;^  and  when 
they  grow  slowly,  the  density  is  higher  with  D  =  2.02-2. 12. 15  where  D  =  3 
corresponds  to  the  densest  packed  state  in  3d. 

It  has  also  been  shown  that,  under  certain  conditions,  clusters  that 
are  initially  at  a  low  density  state  nay  densify  with  time  to  yield  a 
higher  fractal  dimension  (e.g.,  D  =  2.4).^  This  restructuring  to  a  denser 
state  suggests  the  possibility  of  attaining  densely  packed  structures  even 
in  the  subcritical  region.  Since  the  conditions  that  yield  restructuring 
of  fractal  clusters  and  their  networks  to  higher  densities  are  not  clearly 
understood,  in  a  recent  study  we  have  simulated  the  process  of  restruc¬ 
turing  with  the  Monte  Carlo  method  in  order  to  determine  the  parameters 
that  play  a  key  role  in  the  densif ication  process.16  As  summarired  below, 
the  model  accurately  mimics  the  experimental  results  and  predicts  that  in 
colloidal  systems  of  weakly  interacting  particles  it  is  possible  to  achieve 
high  packing  densities. 

The  model  used  in  the  Monte  Carlo  simulations*6  is  a  modified  form  of 
the  cluster-cluster  (CL-CL)  aggregation  model. In  order  to  facilitate 
unbinding  and  restructuring  of  clusters,  we  introduce  a  Boltzmann  factor 
e~nE/T  wj,ere  n  is  the  coordination  number  of  an  unbinding  particle,  -E  is 
the  interparticle  attraction  energy,  and  T  is  the  laboratory  temperature 
(Fig.  2).  The  unbinding  transition  of  each  particle  in  8  square  lattice  is 
examined  after  a  time  interval  of  with  a  probability  e-nE/,T.  If  e-nE/T 
is  larger  than  a  random  number,  the  transition  is  accepted,  or  otherwise  it 
is  rejected.  If  unbinding  is  accepted,  the  particle  moves  at  random  one 
lattice  constant  in  one  of  the  rest  4-n  directions  while  the  cluster  is 
divided  into  one  to  four  segments  depending  on  the  configuration.  Each 
particle  or  segment  then  diffuses  as  an  independent  unit  and  may  cluster 
with  other  units  at  a  later  collision.  The  particles  or  clusters  alone 
perform  Brownian  motion  with  a  time  interval  of  Tp.  Thus,  the  parameter 
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is  the  inverse  of  the  unbinding  attempt  frequency  while  j.s  related  to 
the  diffusivity  of  the  particles  or  clusters  in  the  suspension  and  is  also 
used  to  normalize  the  time  scale.  The  dimensionless  quant  ity  t  r/t  d  is 
analogous  to  the  quenching  rate  of  transitions  from  fluid  to  solid  phase. 

A  high  Tj^/Tq  implies  higher  particle  or  cluster  mobility  that  is  relative 
to  relaxation,  i.e.,  a  rapid  quenching  rate. 

In  Fig.  3,  we  plot  the  fractal  dimension  D  (in  2d)  vs.  E  determined 
through  the  computer  simulation  for  =  5  at  t  =  5,000  and  at 

t  =  10,000  Tjj.  Since  D  is  a  rough  estimate  of  the  cluster  density,  the 
relationship  in  Fig.  3  can  also  be  viewed  as  a  density  vs.  E  profile.  The 
striking  similarity  between  this  computer  simulated  density  profile  and  the 
experimentally  determined  profile  of  Fig.  1(b)  supports  the  appropriateness 
of  the  parameters  and  the  procedure  used  in  the  simulation.  We  nav  now  use 
this  model  to  predict  the  behavior  of  colloids  in  general  with  respect  to 
the  parameters  E  and  The  binding  energy  E  which  appears  in  Che 

Boltzmann  factor  is  the  key  parameter  that  affects  the  extent  of  restruc¬ 
turing.  When  E  is  large,  the  probability  of  unbinding  is  small  and 
restructuring  is  less  significant.  As  a  result,  at  large  E  (>  3T),  D  is 
low  and  remains  close  to  the  CL-CL  value  (Fig.  3).  In  contrast,  with 
decreasing  E,  restructuring  becomes  more  significant  and  D  increases  with 
time  towards  the  dense  packing  value  of  2  (in  2d). 

The  second  parameter  tr/td  mainly  affects  on  the  r3te  of  restruc¬ 
turing.  Fig.  A  shows  that  for  a  low  E  value  a  high  density  state  is 
achieved  in  a  shorter  time  when  r R/r q  is  snail  (Fig.  4(a)).  Thus,  this 
simulation  implies  that  if  we  retain  both  E  and  TR/TD  at  a  low  value,  it  is 
possible  to  achieve  densely  packed  structures  even  with  the  flocculated 
networks  of  the  subcritical  regime. 

We  may  now  combine  the  results  of  this  simulation  with  the  equilibrium 
phase  diagrams  observed  in  highly  repulsive  systems  to  suggest  the  form  of 
a  nonequilibrium  phase  diagram  of  V/kT  vs  concentration  as  shown  in  Fig.  5 
where  V  denotes  the  generalized  interaction  potential  and  V  =  -E  for 
attractive  systems.  The  high  V/kT  region  of  this  diagram  outlines  the 
equilibrium  phase  transitions  observed  in  highly  repulsive  systems  as 
detailed  in  Ref.  19.  Here,  with  increasing  V/kT,  the  onset  of  fluid  to 
solid  transition  shifts  to  lower  concentrations  as  'the  hydrodynamic  radius 
of  the  particles  increases  with  the  development  of  an  electrostatic  or 


corres- 


steric  repulsive  barrier  around  the  particles.  The  low  V/kT  region 
ponds  to  the  highly  attractive  systems  that  result  in  the  formation  of 
ramified  structures  as  discussed  above.  In  this  case,  although  the  hydro- 
dynamic  radius  is  small,  the  onset  of  fluid  to  solid  transition  again 
shifts  to  low  solids  loadings  due  to  the  formation  of  fractal  clusters  with 
low  density.  Either  extreme  must  be  avoided  when  high  density  packings  are 
desired.  The  intermediate  range  is  most  suitable  for  the  preparation  of 
slips  with  high  solids  loadings  and  densely  packed  structures.  In  practi¬ 
cal  terns,  this  goal  is  accomplished  when  we  work  (i)  with  dispersed  sus¬ 
pensions  in  the  lower  supercritical  range  (rig.  1)  where  the  hydrodynamic 
radius  of  the  particles  is  minimized,^  or  (ii)  with  weakly  flocculated 
suspensions  in  the  upper  subcritical  range  that  can  readily  restructure 
towards  densely  packed  states.  In  the  latter  case,  the  use  of  surfactants 
as  lubricating  agencs  aids  the  process  of  restructuring  to  form  higher 
densities. 20.21  jn  effect,  the  use  of  surfactants  as  lubricating  agents  is 
equivalent  to  lowering  both  E  and  tr/td  in  the  Monte  Carlo  simulation 
discussed  above,  although  presently  we  do  not  clearly  understand  the  exact 
role  of  the  surfactants  separately  on  E  and  tr/td.  The  important  point  is 
that  the  suggestion  of  using  weakly  flocculated  systems  to  process  densely 
packed  casts  is  contrary  to  the  conventional  wisdom  which  suggests  that 
only  dispersed  systems  be  used. 


TAILORING  OF  NANOCOMPOSITES  WITII  ULTRAFINE  PARTICLES 


It  ha3  been  customary  to  divide  the  field  of  ultrastructure  processing 
into  two  distinct  groups  as  (i)  sol-gel  and  (ii)  colloidal  suspension 
processing.^  As  Her  appropriately  pointed  out,^  this  distinction 
relates  mainly  to  the  size  of  the  particles  used  in  a  suspension.  In  the 
sol-gel  group,  the  scale  of  interest  is  the  nanometer  range,  whereas  the 
colloidal  suspension  group  is  mainly  concerned  with  processes  that  utilize 
suspensions  of  micrometer  size  particles.  The  model  presented  in  the 
previous  section  may  bo  used  to  explain  the  unifying  features  and  the 
differences  observed  between  these  two  groups.  The  unifying  feature  is 
that  the  nucleation  of  particle  clusters  and  their  networks  as  hierarchi¬ 
cally  clustered  structures  is  expected  in  both  groups.  The  extent  of 


hierarchy  determines  the  overall  packing  density  of  the  system.  The  first 
difference  is  predicted  to  be  in  the  relaxation  behavior  of  these  hier¬ 
archically  clustered  structures  as  related  to  the  parameter  tr/td.  In  the 
nanometer  range,  the  formation  of  low  density  structures  is  favored  even  in 
weakly  attractive  systems  as  is  expected  to  increase  due  to  higher 

particle  mobility  (i.e.,  small  1^5  and  high  reactivity  (i.e.,  high  tR), 

The  second  difference  relates  to  the  hydrodynamic  size  of  the 
particles  which  becomes  a  significant  factor  in  limiting  the  effective 
particle  concentration  in  a  suspension.  As  a  result  of  these  differences, 
the  fluid  range  of  Fig.  5  becomes  more  narrow  even  in  the  intermediate 
range  as  the  particle  size  decreases  to  the  nanometer  scale.  Consequently, 
with  nanometer  size  particles  it  is  difficult  to  prepare  concentrated 
suspensions  and  gels  (Fig.  6),  and  the  processing  or  monolithic  comDonents 
is  often  impossible  due  to  excessive  shrinkage  and  cracking  during  drying 
and  sintering  stages. 

Presently,  an  easy  solution  to  this  excessive  shrinkage  prcolem  is  not 
available.  An  ultimate  solution  would  be  to  establish  a  methodology  for 
the  preparation  of  highly  concentrated  suspensions  in  the  nanometer  range. 
Based  on  the  model  presented  in  the  previous  section,  we  again  emphasize 
that  two  possible  approaches  are:  (i)  the  minimization  of  the  hydrodynamic 
radius,  and  (ii)  enhanced  restructuring  of  the  clustered  networks.  In 
either  case,  the  use  of  surfactants  is  expected  to  be  essential. 20,11 
spite  of  this  excessive  shrinkage  problem,  however,  many  successful  appli¬ 
cations  of  nanocomposite  processing  with  ultrafine  particles  have  been 
illustrated. ^  Below,  we  summarize  the  results  of  our  work  on  the  proces¬ 
sing  of  monolithic  mullite  with  ultrafine  particles  and  outline  the  process 
requirements  for  the  control  of  nanostructural  features. 

Recent  studies  have  illustrated  the  potential  of  mullite  OAljOj^SiOj) 
as  a  matrix  material  for  high  temperature  applications.^  In  nost  studies, 
it  has  been  necessary  to  work  at  temperatures  above  1500°C  in  order  to 
achieve  full  denoif ication  (Fig.  7).  .  Our  studies  on  kaolinite 
(Al2O3'2SiO2’2H20)  -  AI2O3  mixtures  have  illustrated  that  these  high  pro¬ 
cessing  temperatures  may  not  be  necessary  if  amorphous  and  nanometer  size 
particles  ate  used  to  promote  rapid  densif ication  by  viscous  deformation  at 
temperatures  as  low  as  1250°C.^  Similar  observations  have  been  made  by 
other  investigators:  but,  fully  dense  and  monolithic  specimens  could  not  be 
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obtained. 27  in  our  studies,  we  have  been  able  to  densifv  monolithic  gels 
to  98%  of  the  theoretical  density  at  1250°C  within  4  h.28  The  essential 
requirement  is  to  control  the  degree  of  particle  and  thus  chemical  segrega¬ 
tion  in  the  nanometer  scale  in  order  to  delay  the  crystallization  of  oul- 
lite  prior  to  total  densif ication  (Fig.  7).  Particles  of  A1C0H  (-15  nm) 
are  used  as  alumina  source,  and  the  controlled  hydrolysis  of  tetra- 
ethoxysilane  (TEOS)  around  the  A100H  particles  provides  the  silica  compo¬ 
nent.  Viscous  deformation  of  silica  before  the  onset  of  mullite  formation 
at  temperatures  -1250°C  provides  the  mechanism  for  rapid  densif ication. 
Subsequent  crystallization  to  mullite  results  in  the  depletion  of  both 
alumina  and  silica  provided  that  the  degree  of  particle  segregation  is 
controlled  to  an  optimum  level.  When  particle  segregation  is  not 
controlled  and  A100H  particles  aggregate  into  clusters  >  50  r.m,  two  types 
of  defects  result:  (i)  with  the  capillary  suction  of  silica  into  the  AlCOH 
particle  clusters,  intercluster  pores  form  and  thus  result  in  lew  sintered 
densities  (Fig.  8),  and  (ii)  pockets  of  -5  —  10  nn  size  amorphous  silica  are 
permanently  trapped  within  mullite  grains  when  mullite  crystals  sweep 
through  the  silica  rich  regions  (Fig.  9).  The  atomic  resolution  image  in 
Fig.  9,  taken  in  [010]  orientation,  reveals  an  example  of  amorphous  region 
(>  90%  Si02)  within  a  mullite  grain. 


CONCLUSIONS 

The  equilibrium  phase  diagram  of  colloidal  systems  predicts  the  forma¬ 
tion  of  densely  packed  particle  compacts  regardless  of  the  interaction 
potential  between  particles.  However,  in  reality  these  equilibrium  packing 
densities  are  never  attained  due  to  the  formation  of  metastable  hier¬ 
archically  clustered  particle  compacts.  The  reversible  particle  clustering 
model  summarized  in  this  paper  properly  accounts  for  the  formation  of  low 
density  structures  and  their  restructuring  behavior  towards  the  equilibrium 
state.  In  order  to  prepare  highly  concentrated  suspensions  and  casts,  two 
approaches  are  emphasized:  (i)  the  minimization  of  the  hydrodynamic 
radius,  and  (ii)  enhanced  restructuring  of  the  clust'ered  networks.  The 
accomplishment  of  this  goal,  however,  becomes  increasingly  more  difficult 
as  the  particle  size  decreases  to  the  nanometer  range. 
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In  spite  of  the  low  packing  density  problems  of  the  nanometer  range, 
processing  with  nanometer  sice  particles  or  polymeric  units  offers 
advantages  not  only  in  the  control  of  structural  detail-  down  to  the  mole¬ 
cular  dimensions  but  also  in  achieving  lower  sintering  temperatures  than 
are  possible  with  micrometer  size  particles.  The  advantage  of  using  amor¬ 
phous  particles  to  achieve  rapid  densif ication  rates  is  illustrated  with 
the  case  study  on  the  SiOn-A^Oj  system.  It  is  also  illustrated  that  a 
precise  control  of  particle  clustering  is  required  to  eliminate  defects 
that  are  smaller  than  5-10  nn. 
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Figure  8 


(a)  Phase  diagram  (outlined  with  thin  solid  lines)  for  a 
colloidal  system  of  only  one  type  of  particle.^  In  electro¬ 
statically  interacting  systems,  the  reduced  temperature 
scale  is  approximately  proportional  to  (.",/'  )*•  where  is 
the  surface  potential  and  is  a  normalisation  constant. 

The  maximum  packing  density  is  predicted  as  -  7A"; 

(b)  Sedimentation  (thick  solid  line  with  open  circles)  and  slip 
cast  (thick  broken  line  with  open  triangles)  densities  are 
lower  than  the  predicted  dense  packing  value. 

The  model  used  in  the  Monte  Carlo  simulation  of  reversible 
clustering. Cluster  (a)  may  go  through  conf igurat icn  change 
with  the  unbinding  of  particles  1  through  3.  Particle  A  cannot 
be  removed.  Unbinding  takes  place  according  to  the  removal  rate 
e--.E/ .  where  IE  is  the  energy  change  cue  to  the  unbinding  and 
increases  as  the  number  of  nearest  neighbors  increases. 

Possible  configurations  after  unbinding  are  shown  for  each  case. 

Fractal  dimension  3  vs.  S/T  for  rg/'Tg  =  5,  (•)  at  t  =  10, CIO'-) 
and  A  at  t  =  5, COO  'D. 

Fractal  dimension  D  vs.  t  at  a  fixed  F  =  1.57  and  (a)  f or 
TR/TD  =  0.5  and  (b)  tr/td  =  10. 

Schematic  form  of  the  r.onequil  ibrium  colloidal  phase  diagram. 

In  the  high  V/kT  region,  the  onset  of  fluid  to  solid  transition 

shifts  to  lower  concentrations  due  to  increasing  hydrodynamic 
19 

radius . 

The  effect  of  particle  size  on  the  maximum  particle  concen¬ 
tration  of  electrostatically  stabilized  suspensions  of  CI-AI2O3 
(>  1pm)  and  A100H  (<  1  Urn)  without  exceeding  a  suspension 
viscosity  of  <  1  Pa-s.  A  significant  densif ication  is  observed 
during  drying  in  the  nanometer  range. 

Densif ication  of  mullite  forcing  gels  with  respect  to 
temperature.  In  contrast  to  the  gel,  a  kaolinite  +  alumina 
mixture  of  mullite  composition  has  to  be  heated  to  1650°C  in 
order  to  achieve  a  fully  dense  state. 

Schematic  representation  of  the  A1C0H  (cross-hatch  particles)  * 
SiOj  (dotted  matrix)  nanoccmposites. 


Figure  9:  Atonic  resolution  inage  of  nullite  lattice.  An  amorphous 
entrapped  region  is  seen  with  a  "granular"  contrast  which 
contains  90%  SiO?  as  determined  by  electron  energy  loss 
spectroscopy.  Bright  dots  are  projections  of  [OlC]  atonic 
columns  in  the  mullite  lattice. 
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ABSTRACTS  OF  PAPERS  IN  PREPARATION 

1.  Shinohara,  N.,  and  Aksay,  I. A.,  "Processing  of  Dense  AI2O3  Through  Gelation:  I.  Crack¬ 
ing  Problem,”  J.  Am.  Ceram.  Soc.,  1987a  (manuscript  in  preparation). 

Sol-gel  processing  has  been  widely  investigated  for  the  fabrication  of  ceramics  and 
glasses  because  it  has  advantages  for  reducing  the  sintering  temperature  and  for  preparing 
the  materials  with  high  uniformity  and  purity  compared  to  the  conventional  processing. 
In  the  present  work,  the  drying  behavior  of  n-AljOj-seeded  bochmite  gels  and  the  influence 
of  a  heating  rate  on  cracking  were  studied.  Boehmite  t.ansforms  to  7-AI2O3  by  the  reaction 
2A100II  -*  AI2O3  +  1I20.  Since  the  weight  of  15%  is  lost  during  the  dehydration,  it  is 
estimated  that  the  dehydration  of  bochmite  causes  cracking  during  heating  of  the  gels. 
The  gels  were  dried  slowly  at  room  temperature  to  prevent  cracking. 

The  cracks  in  the  samples  were  mainly  attributed  to  the  rapid  dehydration  of  boehmitc 
near  450°C,  hence  the  heating  rate  had  to  be  controlled  below  I000°C  to  prevent  the 
cracking.  Fine,  fibrous  boehmite  powder  did  not  avoid  the  cracking  because  of  the  large 
shrinking  anisotropy.  The  heating  rate  below  1000°C  also  affected  the  dcnsification  be¬ 
havior  of  the  samples. 

2.  Shinohara,  N,  and  Aksay,  I. A.,  “Processing  of  Dense  AI2O3  Through  Gelation:  II. 
Densification  Kinetics,”  J.  Am.  Ceram.  Soc.,  1987b  (manuscript  in  preparation). 

Densiftcation  behavior  of  the  a-AbCT)  seeded  boehmitc  gels  was  investigated.  Rapid 
densification  occurred  after  the  y-to-n-Al203  phase  transformation.  Enhanced  densification 
behavior  of  boehmite  with  B-AI2O3  seeds  can  be  attributed  to  the  (1)  small  neck  size  and 
the  (2)  small  and  uniform  (1-AI2O3  particles  at  the  onset  of  the  densification  (after  the 
completion  of  y-  to  0-AI2O3  phase  transformation).  Seeding  of  n-Al203  particles  into  the 
bochmite  matrix  promoted  the  homogeneous  nucleation  and  growth  process  of  C1-AI2O3 
in  the  system  in  the  low  temperature  region,  resulting  in  the  formation  of  small  pores  or 
cracks  in  the  system.  Decreasing  the  agglomerate  size  in  the  bochmite  matrix  led  to  a 
reduction  in  the  sintering  temperature. 

3.  Shinohara,  N.,  Sarikaya,  M.,  and  Aksay,  I.A.,  “Tow  Temperature  Sintering  of  Mullitc 
Through  Sol-Gel  Processing  from  Bochmite-TEOS,”  ./.  Am.  Ceram.  Soc.,  1987  (manuscript 
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in  preparation). 


Muilite  (3AI2O3  •  2SiC>2)  is  a  sole  stable  phase  in  the  Si02-Al203  binary  system  and 
is  considered  to  be  a  candidate  material  for  high  temperature  applications  and  for  optical 
and  electronic  uses.  Muilite  powder  has  been  synthesized  by  various  approaches,  such  as 
powder  synthesis  from  alkoxides  or  metal  organic  compounds,  spray  pyrolysis  of  the 
solution,  heat-treatment  of  the  gel,  hydrothermal  synthesis  of  alkoxy-derived  precursor, 
and  other  methods.  In  this  research,  we  investigated  the  densification  behavior  of  muilite 
through  sol-gel  processing  from  boehmite  and  THOS.  The  gels  could  be  densified  to  3.00 
g/cm3  at  1250°C  by  removing  large  agglomerates  which  were  contained  in  the  initial 
boehmite  powder.  Low  densities  of  the  gels  with  large  agglomerates  were  attributed  to  the 
pore  formation  in  the  excess  silica  region.  This  was  introduced  by  inhomogeneous  mixing 
because  of  the  agglomerates.  Heating  the  gels  caused  muilite  to  form  through  sudden 
reaction  in  the  Y-AI2O3  solid  solutions  and  through  the  diffusion  controlled  process. 

4.  Pyzik,  A.J.  and  Aksay,  I. A.,  “Relation  Between  Microstructure  and  Some  Mechanical 
Properties  in  the  B4C-AI  Composites,” ./.  Am.  Ceram.  Soc.,  1987  (manuscript  in  preparation). 

Fracture  strength  and  fracture  toughness  of  B4C-AI  composites  have  been  characterized 
with  respect  to  type  of  microstructure.  It  was  found  that  mechanical  properties  of  this 
system  depend  on  the  amount  of  metal  present,  the  type  and  distribution  of  the  secondary 
phases  that  form  and  a  continuity  factor.  Materials  have  been  obtained  with  a  combination 
of  645  MPa  strength  and  9.7  MPa  m,/2  toughness  and  545  MPa  strength  and  14.4  MPa 
m1^2  toughness. 

5.  Shih,  W.Y.  and  Aksay,  I. A.,  “Phase  Diagrams  of  Bimodal  Charged  Colloidal  Particles  ” 
J.  Chem.  Phys.,  1987  (submitted  for  publication). 

The  stability  of  the  substitutional  crystals  of  bimodal  charged  colloidal  particles  has 
been  examined  by  comparing  the  free  energies  of  the  crystalline  solids  as  well  as  of  the 
liquid.  The  free  energies  are  calculated  variationaily.  The  Finstcin  model  and  the  hard- 
sphere  fluid  are  respectively  used  as  the  reference  system  for  the  solid  and  for  the  liquid. 
The  charge  of  a  particle  is  assumed  to  be  proportional  to  its  diameter  as  is  found  exper¬ 
imentally.  Let  y  denote  the  ratio  of  the  diameter  of  the  small  particles  to  that  of  the  large 
particles.  Our  results  show  that  only  when  y  is  close  to  unity,  say,  0.8,  a  substitutional 
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X  crystal  can  be  formed  while  the  crystalline  phase  is  still  less  stable  against  the  formation 

of  the  liquid  phase  in  the  intermediate  concentrations  than  in  the  pure  cases,  i.e.,  the 
freezing  density  has  a  maximum  at  some  finite  concentration.  When  y  deviates  more  from 
unity,  say,  0.5,  the  crystalline  solid  cannot  be  formed  in  most  of  the  phase  regions  except 
those  that  are  close  to  the  pure  cases. 

6.  Liu,  J.,  Shih,  W.Y.,  Kikuchi,  R.,  and  Aksay,  I. A.,  “  On  the  Clustering  of  Binary  Colloidal 
Suspensions,”,  J.  Colloid  Interface  Sci.,  1987  (manuscript  in  preparation). 

Recent  experiments  on  binary  colloidal  suspensions  have  shown  that  particles  of  the 
first  kind  (e.g.,  alumina)  can  be  induced  to  flocculate  by  the  presence  of  particles  of  the 
second  kind  (e.g.,  polyacrylic  acid  particles),  within  a  certain  range  of  the  density  of  the 
second  species  of  particles.  This  is  similar  to  the  depiction  flocculation  and  depletion 
stabilization  of  the  polymer-colloidal  systems.  We  have  thoroughly  examined  the  binary- 
particle  systems  with  numerical  simulations  (Monte  Carlo)  as  well  as  with  analytical 
equilibrium  calculations  (CVM).  The  simulations  show  a  peak  in  the  flocculation  rate  as 
the  density  of  the  second-species  particles  is  varied  while  the  CVM  calculations  show  a 
monotonic  increase  in  cluster  size.  The  discrepancy  between  the  simulation  and  the  CVM 
calculation  suggests  that  the  restabilization  of  particles  at  high  density  is  due  to  kinetics. 
We  further  show  from  free  energy  calculations  that  the  flocculated  state  is  a  metastablc 
one  whose  underlying  stable  state  is  phase  separation.  Our  calculations  together  with 
experiments  on  binary  colloids  may  shed  some  light  on  the  understanding  of  the  polymer- 
colloidal  systems. 

7.  Shih,  W.Y.,  Liu,  J.,  and  Aksay,  LA.,  “Adsorption  of  Polymers  and  Polyelcctrolytes  on 
Colloidal  Surfaces,”  J.  Colloid  Interface  Sci.,  1987  (manuscript  in  preparation). 

Polymer  and  polyelectrolyte  adsorption  on  colloidal  surfaces  has  been  a  useful  technique 
for  tailoring  the  properties  of  a  colloidal  system.  I  lere  we  provide  a  lattice  model  in  which 
a  polymer  can  wiggle  through  the  individual  monomers'  flipping,  and  can  perform  Brownian 
motion  as  a  whole  (random  walk)  as  well.  By  assigning  appropriate  interactions  between 
the  individual  monomers  and  between  the  monomers  and  the  colloidal  surfaces,  one  can 
study  the  multi-chain  adsorption  behavior  of  neutral  polymers  as  well  as  polyelcctrolytes. 
The  processes  involving  the  Brownian  motion  and  the  flipping  are  simulated  with  the 
Monte  Carlo  method.  Details  of  the  model  and  the  preliminary  results  on  adsorption  and 
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the  steric  interaction  between  two  adsorbed  layers  will  be  presented.  Comparison  with 
experiments  will  also  be  made. 
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THESIS  ABSTRACT 


Sintering  of  Bimodai  Compact 
by 

Chan  Han 
M.S.  1985 

To  achieve  desirable  sintering  behavior  of  powder  compacts  resulting  in  a  dense  material  at  low 
temperatures,  it  is  necessary  to  obtain  green  compacts  with  uniform  pore  size  distribution.  One  current 
school  of  thought  is  that  the  uniform  pore  size  distribution  can  be  obtained  through  colloidal  processing 
of  monosize,  spherical  particles.  However,  it  has  been  shown  that  colloidal  processing  always  results  in 
the  formation  of  multi-particle  clusters.  As  a  result,  additional  pores  are  formed  between  them.  Furthermore, 
these  pores  are  modified  by  different  consolidation  methods.  Therefore,  uniform  sintering  cannot  be 
expected,  even  though  monosize,  spherical  particles  are  used. 

In  this  study,  it  will  be  shown  that  the  second  generation  pores  play  an  important  role  in  sintering 
of  powder  compacts:  that  of  controlling  the  sintering  behavior  of  the  entire  powder  compact.  Also,  it 
will  be  shown  that  the  addition  of  fine  particles  is  not  harmful  to  the  sintering.  Actually,  it  decreases  the 
sintering  temperature  of  powder  compacts.  As  a  result,  finer  grain  size  is  obtained. 
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THESIS  ABSTRACT 


Polyelectrolyte  Adsorption  on  a-Alumina  and  Aqueous  Suspension  Behavior 
by 

Joseph  Cesarano  III 
M.S.  1985 

The  surface  chemistry  and  charge  of  polymethacrylic  acid-Na+  salt  (PMAA)  and  n-Al203  in  aqueous 
systems  were  determined  using  potentiometric  titrations.  The  adsorption  of  PMAA  on  a-AljOj  was 
determined  using  first  derivative  plots  of  potentiometric  titrations.  It  was  determined  that  electrostatic 
attraction  between  the  PMAA  and  ra-AljOj  was  the  driving  force  for  the  adsorption  and  that  after  a 
complete  monolayer  of  PMAA  was  adsorbed,  electrosteric  stabilization  of  the  suspension  resulted.  Using 
this  concept,  a  stability  map  relating  the  amount  of  PMAA  necessary  for  stabilization  vs.  pH  was  formu¬ 
lated.  It  was  also  determined  that  electrosterically  stabilized  systems  have  advantages  over  electrostatically 
stabilized  systems  in  that:  (i)  colloidal  fluid  suspensions  of  >  SO  v/o  arc  easily  attained  with  monosizc 
particles  of  0.3  pm,  and  (ii)  problems  related  to  aging  are  reduced. 
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THESIS  ABSTRACT 


Morphological  and  Crystallographic  Characterization  of  B4C-AI  Composites 
by 

Tahar  Laoui 
MS.  1986 

Transmission  electron  microscopy  imaging,  diffraction  and  spectroscopic  techniques  have  been  utilized 
in  characterizing  the  morphology  and  crystallography  of  B4C-AI  metal  matrix  composites  with  ceramic 
phase  being  the  major  component  ( >  70  v/o).  Special  emphasis  has  been  given  to  the  crystallographic 
and  compositional  identification  of  a  new  phase  present  in  the  composite.  This  new  phase,  called  X-phase, 
is  a  major  second  phase  besides  boron  carbide  which  forms  during  the  processing  of  B4C-AI  ceramic-metal 
composite  under  controlled  conditions,  spatially  depleting  the  A1  phase  and  replacing  it  around  the  B4C 
particulates.  The  X-phase  has  a  hexagonal  crystal  structure  with  lattice  parameters;  a„  =  3.5202  A,  and 
cD  =  5.8204  A,  as  determined  by  X-ray  diffraction  and  convergent  beam  electron  diffraction,  and  a 
composition  given  by  the  approximate  formula  AI4BC  as  determined  by  quantitative  electron  energy  loss 
spectroscopy  by  using  B4C,  AI4C3,  and  AIBj  standards. 
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THESIS  ABSTRACT 


The  Sintering  of  Silicon  Carbide  with  Liquid  Aluminum 
by 

D.L.  Milius 
IVI.S.  1986 

The  purpose  of  this  study  was  to  investigate  the  feasibility  of  developing  a  lightweight,  high  fracture 
toughness,  and  high  hardness  silicon  carbide  aluminum  composite  materia]  with  greater  than  fifty  volume 
percent  particulates  using  conventional  ceramic  engineering  techniques  such  as  liquid  phase  sintering  and 
infiltration.  In  order  to  use  conventional  pre-firing  processing  techniques,  particulates  were  used  in  this 
study.  Silicon  carbide  and  aluminum  were  chosen  as  constituents  because  of  their  low  densities,  economic 
viability,  and  ready  availability.  In  addition,  prior  success  has  been  achieved  with  this  system.  Currently, 
encouraging  results  have  been  obtained  using  non-conventional  techniques  such  as  hot  isostatic  pressing 
and  hot  extrusion  at  low  temperatures  (less  than  750°C)  and  high  pressures  (10  to  50  MPa). 


APPENDIX  XXVI 
THESES  ABSTRACTS 


39 


THESIS  ABSTRACT 


Microstructural  and  Fractographic  Characterization  of  B4C-AI  Alloy  Composites 
by 

Gyeungho  Kim 
M.S.,  1987 

Microstructural  and  fractographic  characterization  were  performed  on  B4C-AI  7075  alloy  cermets.  The 
composites  were  prepared  by  an  infiltration  method  where  metal  constituted  up  to  50%  by  volume.  The 
distribution  of  the  primary  phases  and  the  reaction  products  as  well  as  their  associated  defects  were  analyzed 
to  determine  their  effects  on  the  fracture  and  strength  properties.  By  profiling  the  cracks  on  the  matching 
fracture  surfaces,  the  presence  of  a  residual  stress  was  recorded.  The  response  of  the  microstructure  to 
fracture  of  B4C-AI  alloy  cermets  which  were  subjected  to  high  strain  rate  was  studied  by  fracture  surface 
replica  and  by  thin  foil  TEM  techniques. 
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THESIS  ABSTRACT 


Pressureless  Sintering  of  Short-Fiber  Reinforced  Mullite 
by 

Reiichi  Yamada 
M.S.,  1987 

Mullite  precursor  powder  which  can  be  sintered  into  translucent  dense  (98%)  ceramic  body  at  !250°C 
in  2  hours,  was  used  for  the  matrix  of  the  composite  material  with  short  fibers.  The  sintered  density  of 
the  mullite  precursor  powder  compacts  can  be  controlled  by  two  processing  factors.  'I he  prcssurcless 
sintering  of  the  composite  precursor  powder  with  7.2  volume  %  fibers  resulted  in  96%  dense  material 
after  a  1 250°C  heat  treatment.  The  densification  rates  of  the  composites  were  slower  and  the  final  densities 
of  them  were  lower  than  the  monolithic  mullite.  By  relating  the  densification  rate  of  the  matrix  of  the 
composite  to  that  of  the  matrix  ceramics  without  fibers,  the  densification  behavior  of  the  composite  system 
was  numerically  explained.  The  existing  differential  sintering  models  do  not  explain  the  experimental  data. 
Besides  the  powder  processing,  the  gel  forming  technique  was  attempted  to  prepare  the  composite  with 
short  fibers.  However,  microcracks  were  introduced  during  drying  and  the  gel  was  not  sintcrable. 
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